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Kurzfassung 
Die Fähigkeit von Partikeln Emulsionen zu stabilisieren ist seit langer Zeit bekannt. Diese sog. 
Pickering Emulsionen zeichnen sich durch eine hohe Stabilität aus. Im Allgemeinen werden zur 
Stabilisierung dieser Emulsionen anorganische Partikel von einigen nm bis in den µm-Bereich 
eingesetzt. Die Stabilisierung von Emulsionen mit Reiz-empfindlichen Teilchen hingegen ist 
ein verhältnismäßig junges Gebiet. Die Idee ist sog. intelligente Teilchen zu deren 
Stabilisierung zu verwenden, und dadurch einen Transfer der Sensitivität auf die 
Emulsionsstabilität zu erhalten. In dieser Arbeit geht es um die Stabilisierung von Emulsionen 
mittels poly(N-Isopropylacrylamid)-co-(Methacrylsäure) (PNIPAM-co-MAA) Mikrogelen. Ein 
Mikrogel ist ein weiches, mit Lösungsmittel gequollenes Polymerteilchen, welches durch 
Vernetzung der Polymerketten am Auflösen gehindert wird. Die Löslichkeit des verwendeten 
PNIPAMs in Wasser ist stark temperaturabhängig. Oberhalb von 32-34 °C entmischen sich 
Wasser und PNIPAM, was im Falle des Mikrogels bedeutet, dass das Wasser aus dem Inneren 
des Teilchens verdrängt wird und das Mikrogel schrumpft. Die eingebaute Methacrylsäure sorgt 
zusätzlich für eine pH-Sensitivität. Bei Zugabe einer Base werden Ladungen im Mikrogel 
generiert, was zu einem Anstieg des Osmotischen Druckes im Mikrogel führt. Dies sorgt für ein 
zusätzliches Aufquellen des Mikrogels. Diese Mikrogele können zur Reiz-abhängigen 
Stabilisierung von Emulsionen eingesetzt werden, wobei sie bei niedrigen Temperaturen und 
hohem pH stabile Emulsionen erzeugen, die bei hoher Temperatur und niedrigem pH sehr 
gezielt zu brechen sind. Um dies Verhalten zu untersuchen, wurden eine Vielzahl 
unterschiedlicher Techniken, wie z.B. Messungen der Grenzflächenspannung, 
Grenzflächenrheologie und Gefrierbruch Rasterelektronenmikroskopie, angewandt. Wie sich 
herausstellte lassen sich Mikrogel-stabilisiert Emulsionen nicht mit dem klassischen Pickering 
Emulsions-Modell beschreiben, da bei ihnen insbesondere die Visko-Elastischen Eigenschaften 
der Grenzflächen eine Rolle spielen. 
IV 
Abstract 
Particle-stabilized emulsions, so called Pickering Emulsions, are known for more than a 
century. In such emulsions particles, mostly inorganic particles in the nm to µm range, adsorb 
to oil/water interfaces and stabilize emulsions by coulomb and sterical repulsion. Pickering 
emulsions are usually of very high stability, and a lot of energy is needed when such emulsions 
should be broken. Emulsions which stability depends on external stimuli have drawn much 
attention in recent years, as they are both of academical and industrial interest for a number of 
reasons. This work is about a new class of stimuli sensitive emulsions, which are stabilized by 
“smart” microgel particles. The particles that have been applied in this work are poly(N-
isopropylacrylamide)-co-(methacrylic acid) (PNIPAM-co-MAA) microgels. Microgels are soft 
polymer particles which are swollen by a solvent, mostly water. Crosslinking of polymer chains 
restricts the swelling and avoids complete dissolution of the particle. If the solubility of the 
polymer in the solvent changes with temperature, the microgel made from this polymer 
becomes thermosensitive. In this case the thermosensitive PNIPAM is used, which turns water-
insoluble above a temperature of about 32-34 °C. Incorporated in a microgel, PNIPAM expels 
the water from the interior of the microgel at that temperature and thus the microgel shrinks. 
The polymerized MAA adds a pH-sensitivity to the microgel. If a base is added to the microgel, 
charges are generated and the increasing osmotic pressure causes the microgel to swell further. 
These pH and T-sensitive particles are used for emulsion stabilization, creating stable 
emulsions at low temperature and high pH, while the emulsions can easily be broken at high 
temperature and low pH. A number of different techniques, like interfacial tension 
measurements, interfacial rheology and cryogenic scanning electron microscopy, have been 
applied in order to obtain a comprehensive picture about the origin of these effects. As is turned 
out, the basic concepts developed for Pickering Emulsions cannot be adapted for those 
emulsions. In fact, the mechanism of stabilization is mainly controlled by the visco-elastic 
properties of the interfacial microgel layer.  
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1 Introduction 
1.1 Motivation 
Emulsions of various kinds have been around in daily life size ages. They are used for a number 
of different purposes, e.g. cleaning, cosmetics and medicine. They are also heavily used in the 
industry for chemical reactions and transportation. There is a big variety of different agents that 
can act as stabilizers for emulsions. They are preciously designed and tuned in order to meet the 
conditions of applications. Most of these stabilizers in use today are low molecular weight 
surfactants. A rather young field of research, “only” about a century old, is about particles that 
can act as stabilizers for emulsions. These so called Pickering Emulsions are used in more and 
more different applications although the theoretical models for particles at oil/water interfaces 
are still under development. 
Solvent-swollen polymer particles in the size range of 100 nm to a few µm, so called microgels, 
could also being used for the stabilization of emulsions. Especially those microgels which are 
reacting to external stimuli, and are thus called stimuli-sensitive microgels, are interesting for 
emulsion stabilization. Their ability to stabilize emulsions could also be altered by those 
stimuli, leading to stimuli sensitive emulsions. Stimuli sensitive emulsions could be 
advantageous when emulsions are only wanted as part of a process or an application.  
1.2 Aim of This Thesis 
The aim of this thesis is to characterize the interaction between microgels and the interface, in 
order to investigate the origin of the controllable emulsion stability.  
PNIPAM-co-MAA based microgels should be used to stabilize emulsions and for the 
investigations on the interfacial properties. The final goal is a description of the behavior of 
such particles at the interface and the connection between the properties of the microgel, the 
particle-layer structure and the macroscopic appearance and stability of the emulsion. 
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1.3 Emulsions 
1.3.1 Emulsion stabilization by Surfactants 
This chapter gives an overview about the literature that has been published about emulsions, 
particles at interfaces and Pickering emulsions relevant for this thesis. 
Emulsions, the dispersion of one insoluble liquid into another, are thermodynamically unstable. 
The increase in interface area compared to the phase separated state makes emulsions 
unfavorable. Therefore, emulsions require additional kinetic stabilization against droplet 
coalescence. This stabilization can be achieved by adsorption of interfacial active substances to 
the interface, providing coulomb and/or steric repulsion between the dispersed droplets 
(DLVO-Theory).1,2,3 
The first known mention of surfactants or soap was on Sumerian clay tablets around 2500 B.C.. 
Later ancient Romans used a mixture of fat and charcoal for cloth cleaning. Those fatty acid 
based soaps are still in use until today. 
Generally, surfactants are chemically linked groups, usually two groups, where one group is 
water soluble, hydrophilic, and one group is oil soluble, lipophilic. Such surfactants are 
therefore called amphiphils, they “like” both. Nowadays, surfactants are specially designed to 
fit the needs in specific application, like cleaning, personal care, chemical processing (e.g. 
emulsion polymerization, extraction) and transportation (e.g. crude oil pumping).  
Whether a molecular surfactant preferable stabilizes oil in water (o/w) or water in oil (w/o) 
emulsions, is determined by the surfactant’s solubility. The phase in which the surfactant is 
preferably soluble normally forms the continuous phase (Bancroft-rule).4 Griffin introduced the 
Hydrophilic-Lipophilic-Balance (HLB) value for the empirical description of the surfactant 
orientation at the interface. 5  This purely empirical HLB-value is a dimensionless number 
between 0 and 20, where values of 0 to 9 characterize an oil soluble surfactant and HLB-values 
between 11 and 20 characterize a water soluble surfactant. The HLB-value, although originally 
1. INTRODUCTION 
3 
developed for liquid/liquid interfaces can also be applied to any other interface adsorption 
phenomena. 
In some application, especially those dealing with extraction or transportation of water 
insoluble products, the emulsion is part of the technical process, but is not wanted as part of the 
final product. The interfacial activity of the surfactants thus has to be switched off. Therefore 
“smart” surfactants have received a lot of interest recently as temporary stabilizers in such 
processes. A number of possible switches, like pH6,7,8 light of a specific wavelength9,10 and 
heat11,12,13 have been discussed in the past. On example of a proposed thermal cleavable head 
group and its decomposition is shown in Figure 1. This thiirane oxide head group can be used 
with a variety of hydrophobic tails, to obtain a switchable surfactant. 
These stimuli lead to conversion of the interface active surfactant to non active species. 
Although most of these proposed surfactants undergo a reversible decomposition, most of the 
reactions would be irreversible under practical conditions, e.g. because of volatile 
decomposition products. The application of surfactants where the charge at the hydrophilic 
polar group is removed, while the molecule itself remains intact, seems to be a more promising 
approach. One recent example is the work of Lui et al., in which they presented their work on a 
pH-change driven, fully reversible, switchable surfactant.14 The surfactant is so sensitive to pH 
that carbonic acid, created by CO2 atmosphere, can act as a switch. The reaction scheme is 
S+
O-
∆
CH2 CH2 + SO
 
Figure 1. Thermal triggered decomposition of thiirane oxide (according to ref. 12 and 13). 
 
N N
CH3
R
CH3
CH3 + CO2 + H2O N N
CH3
R
CH3
CH3
+
H
+ -HOCO2
 
Figure 2. CO2 triggered change of head group charge (according to ref. 14). (R: saturated carbohydrates). 
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depicted in Figure 2. As long as CO2 is present the headgroup is charged and the molecule 
stabilizes emulsions. Removal of the carbonic acid deprotonates the nitrogen destroys the 
charge and thus the molecule cannot act as an emulsion stabilizer any more.  
1.3.1.1 Particle stabilized emulsion 
Solid particle stabilized emulsions, so called Pickering emulsions, have been around for 
centuries. For example in the preparation of food, small tricks like e.g. the addition of a small 
amount of mustard seeds when preparing mayonnaise have been passed on for ages. However 
the scientific work on these emulsions started only about a century ago, and is still not 
completed. Ramsden (1903)15, and Pickering (1907)16 were the first to discover that particles 
can act as stabilizers for foams and emulsions by adsorbing to the interface. A dense layer of 
particles residing at the oil-water interface prevents the coalescence of oil droplets. Since these 
days a lot of theoretical and experimental work has been done in order to understand the 
processes that lead to stable emulsions. The following paragraphs will deal with some of these 
aspects in order to give an introduction to the different models and the core experimental 
findings. 
1.3.1.2 Single particles at interfaces 
Before dealing with emulsions and multiple particles that are adsorbed to interfaces, it is 
important to understand what makes a particle adsorb to liquid/liquid and liquid/air interfaces.  
Some general rules for the adsorption of particles to liquid interfaces have been derived by 
Binks and co-workers.17,18,19 In summary these rules are: (a) partial wettability of the particle by 
both phases, (b) the phase in which the particle is preferably dispersed supposed to be the 
preferred continuous phase, (c) flocculation of interfacial particles leads to more stable 
emulsions. Rule (a) and (b) are similar to the Bancroft rule for molecular surfactants, discussed 
in the paragraph above. The position of a particle in the interface is described by the three phase 
contact angle θ. At θ < 90° the particle is preferable wetted by water (Figure 3), while at θ > 90° 
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oil is the preferred phase (Figure 4), and thus the preferred emulsion type is oil in water (o/w) 
and water in oil (w/o) respectively. 
 
 
The driving force of the particle adsorption to an interface is the reduction of interfacial tension, 
as a particle adsorbs to a certain area of the clean interface and replaces it by liquid/particle 
interface. The energy required to remove an adsorbed spherical particle from the interface can 
be calculated according to Equation 1.20 The sign inside the bracket is negative for moving the 
particle to the water, and positive for movement to the oil phase.  
By analyzing this equation it becomes obvious that the particle is most strongly held at the 
interface at a contact angle of 90°, meaning the particle is equally wetted by both liquids. The 
results of the calculation of the resulting energy of detachment is presented in Figure 5, for a 
heptane/water interface (γ = ~ 46 mN/m) and particles with radii of 5, 20, 50, 100, and 150 nm. 
This calculation also shows that particles with r > 20 nm adsorb irreversible to this liquid 
Eq. 1. Calculation of the energy required for particle detachment from the interface (according to ref. 20) 
  
 
 E: Energy of detachment 
r: particle radius 
γ: surface or interface tension 
θ: three phase contact angle 
 
Figure 3. Particle at oil/water interface, preferable 
wetted by water (θ < 90°). 
 
Figure 4. Particle at oil/water interface preferable 
wetted by oil (θ > 90°). 
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interface. Note, that these results are valid only for the first spherical particle adsorbing to a 
planar liquid interface, and only when gravity can be neglected (small and/or light particles).18 
Particles with non spherical shape need a slightly different mathematical treatment.21  The 
theoretical predictions of the adsorption energy for non spherical particles suggest that the 
energy gain increases in the order sphere < rod < disk.22,23 This is a very important assumption 
in the context of microgels, as the different adsorption energies may favor the deformation of 
the soft spherical particles into disk shaped particles. 
1.3.1.3 Interactions between particles at interfaces 
The behavior of monolayer of particles at planar interfaces play a minor role in this work, 
however the theory and models applied for planar structures will help to understand the 
background of the behavior of particles at curved interfaces. These particle layers have been 
studied extensively in recent years, as they might be useful as new materials and investigations 
of such layers helps to understand the stabilization of particle stabilized foams and emulsions. 
As this thesis deals with emulsion stabilization, the discussion will be limited to liquid/liquid 
interfaces.  
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Figure 5. Contact angle dependency of the energy of detachment of particle with different radii 
of a heptane/water interface (calculated according to Equation 1). 
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Particles in a liquid interface are surrounded by a very inhomogeneous and anisotropic 
environment. On one side there is the water, highly polar, and the oil, usually unpolar. Possible 
particle-induced curvature of the interface causes additional interactions with the particle 
environment. This anisotropy makes the particle – particle interaction different from those in 
bulk dispersions. 
As in the bulk, particles at interfaces carry charges. Aveyard at al. suggested that those charges 
are maintained even when the particle is partially covered by oil. As a result a long range 
particle repulsion via the low polar oil phase may take place.24,25,26 The repulsion of equally 
charged particles via the polar phase (water) is predicted to be weaker compared to the 
repulsion promoted via the oil.27,28 However, this point has been challenged recently by Park et 
al. saying that the repulsion via the oil phase might not be as dominating as expected.29 
1.3.2 Particles at curved interfaces 
The first scientific description of emulsions and foams stabilized solely by solid particles dates 
back more than a century. In 1903 Walter Ramsden published his work on the spontaneous 
formation of surface and interfacial particle films consisting of solid particles, and creating 
stable emulsions and foams. 30  Four years later, in 1907, Spencer Umfreville Pickering 
published his work on the arrangement of iron sulfonate particles around oil droplets. 31 
Although Pickering referred to Ramsden’s publication, later authors widely ignored Ramsden’s 
contribution and solid stabilized emulsions became known as “Pickering emulsions”.22  
Most of the literature concerning Pickering emulsions is about the interaction of fairly large (> 
1 µm) silica or polystyrene particles and interfaces.18 Those particles are available in 
monodisperse batches and can be observed easily with the help of a light microscope. Another 
big field in current research, because of the high practical relevance, is emulsion stabilization 
by carbon black particles and asphalthenes.32 
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1.3.3 Switchable emulsion stabilization by stimuli-responsive particles 
Particles which response to external stimuli, e.g. like temperature, pH, light and magnetic 
fields, have been synthesized extensively and in great variety in the past,33,34 but the application 
of those particles for emulsion stabilization is a rather new field. The goal is to transfer their 
stimuli sensitivity to emulsions and thus obtain emulsions which can be demulsified, 
intentionally. This sub-chapter will focus on stimuli sensitive emulsion stabilization by particle, 
but exclude PNIPAM-based microgels in the first place. The interfacial properties of those will 
be discussed in another section. 
The stabilization of emulsions with magnetic nanoparticles offers an interesting way to create 
droplets which can be manipulated by external magnetic fields. For example iron or magnetite 
particles can be applied leading to stable emulsions as long as no magnetic field is present. 
External static magnetic fields drag the droplets towards the magnet. If the field strength is 
increased the interfacial particle shell is broken and the droplets may coalesce.35 Another direct 
way to manipulate particles and finally the stability of the Pickering emulsion is the use of light 
as a trigger. Small particles, those adsorption energy at the interface is low (see chapter above), 
have been used by Lin et al. They found that light can be used to make small particles (d: 2.8 
nm) desorb from the interface and return to the bulk solution.36 As this mechanism strongly 
depends on the energy required for desorption, it is strongly limited to a narrow particle size 
range. Small particles will not show significant adsorption at the interface, whereas slightly 
bigger particles (Lin et al. used particles of 4.6 nm) will not desorb upon irradiation of light. 
Fujii et al. showed that weakly crosslinked particles consisting of poly(4-vinylpyridine)(P4VP) 
copolymerized with silica particles allow the stimuli sensitive stabilization of o/w emulsions.37 
These particles exhibit a strong pH-dependency of their volume in water. The 4-vinylpyridine 
group can be protonated when acid is added and positive charges are created, leading to strong 
swelling of the particles. Fujii et al. found that such lightly crosslinked particles stabilize 
emulsions at high pH, when the particles are not charged, and they observed rapid droplet 
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coalescence and de-emulsification at low pH (highly charged particles). They concluded that 
the P4VP/SiO2 stabilized emulsions by building a dense layer of adsorbed particles at the o/w 
interface. When pH is lowered and particle charges are created, the particles desorb because of 
their increased hydrophilicity.38 
Tuning the hydrophilicity of poly(styrene) latex particles can also lead to de-emulsification, as 
Binks and co-workers observed. Hydrophobic particles stabilize emulsions, preferably w/o.39 It 
was observed that grafting of those particles with hydrophilic polymers leads to the preferred 
stabilization of o/w emulsions. In their study the hydrophilicity of the polymer chains could be 
tuned by changing pH, and pH-dependent emulsion stability was observed (stable when 
uncharged; de-emulsification if charged).40,41 However, surface modification of poly(styrene) 
(PS) latex particles does not necessarily lead to particles which can be utilized for deliberate de-
emulsification. PS particles with carboxylic acid groups at the surface can be used to modify the 
type of emulsion which is stabilized (o/w or w/o), but no conditions for de-emulsification have 
been observed.42 An example of a thermo-sensitive latex/brush particle which can be used as a 
stabilizer for emulsions has been published recently.43 PS particles have been grafted with 
thermo-sensitive poly(N-isopropylacrylamide) (PNIPAM) chains. PNIPAM becomes water-
insoluble when heated above 32°C, but is hydrophilic below that temperature. These particles 
form a dense particle layer at an oil/water interface. According to Tsuji et al. the PNIPAM 
particles are migrating towards the oil phase at elevated temperature and do thus not stabilize 
the emulsion any more. The application of such particles seems very promising to obtain 
stimuli responsive emulsions, however most of the particles process a complex structure and 
their synthesis is difficult. Particles which could be synthesized in a single batch synthesis are 
much more promising for applications in the future. 
1.3.4 PNIPAM based microgels at interfaces 
Linear poly(N-isopropylacrylamide) (PNIPAM) is also known to be enriched at interfaces. The 
air/water surface tension of PNIPAM solutions has been characterized by Kawaguchi et al.44,45 
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and Pelton et al.46. The surface tension of water/air (~72.8 mN/m) is reduced significantly at 
room temperature. At T>VPTT the results of these two groups differ. Kawaguchi and 
coworkers observed a diffusion controlled decay of surface tension above the VPTT, while the 
results of Zhang and Pelton did not show any reduction of surface tension when the interface 
was created to T=40°C. However, once PNIPAM is adsorbed at the surface it does obviously 
not leave the interface if the temperature is increased above the VPTT. In fact results published 
by Monteux et al. suggest that a surface PNIPAM layer could even increase in thickness, when 
heated above 32°C, due to aggregation and adsorption of additional PNIPAM from the bulk.47 
Water swollen, crosslinked polymer networks based on poly(N-isopropylacrylamide), so called 
PNIPAM microgels, gained attention recently for applications in the stabilization of emulsions. 
One of the first examples of PNIPAM based microgels, assembling at an oil/water interface and 
stabilizing o/w emulsions was published by Saunders et al.. 48  They found that PNIPAM 
microgels aggregate above the VPTT of PNIPAM, creating a very dense shell around the 
droplet. This thermo sensitivity was extended by additional pH sensitivity by Ngai et al.49,50 
They observed that the product of an emulsion polymerization of NIPAM, methacrylic acid 
(MAA) and a crosslinker at pH 10 could be used as a pH and thermo-responsive stabilizer for 
emulsions. Stable emulsions could be obtained when the microgel is highly charged, due to 
deprotonation at high pH, and the emulsion is destabilized when acid is added. They proposed 
that a pH and thermally induced migration of microgels at low pH and high temperature 
triggers the de-emulsification process. A detailed discussion of this theory and the experiments 
performed is given in Chapter 3.3 (page 38) (Chapter based on ref. 51). While this thesis was 
created another publication, dealing with the PNIPAM microgels as stabilizers, has been 
published by Tsuji et al..43 They observed a high surface coverage of microgel particles at the 
o/w interface and a thermally induced de-stabilization of the prepared emulsions at T>VPTT. 
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1.4 Microgels 
Particles that consist of a crosslinked polymer network which is swollen by solvent, so called 
microgels, have gained attention in the past few decades in materials science for application in 
controlled drug delivery,1,2,3,4 as environmental probes,5 for the fabrication of meta materials 
and as micro reactors and templates for the defined synthesis of inorganic particles 6 , 7  as 
biomaterials, in optical applications 8 and as model systems for colloid science.9,10,11 
The main commercial application of microgels is in the surface coating industry where the 
shear thinning properties of microgels and their good film forming properties are desired.12 The 
stimuli responsive character of some microgels has been subject to extensive studies 11,13 and 
the investigations have been extended to microgels with more sophisticated structure providing 
additional functionality.14,15,16,17,18 They react on external stimuli by changes in size and/or 
charge. The most common stimuli sensitive microgels are thermo sensitive microgels based on 
poly(N-isopropylacrylamide) (NIPAM), but microgels can be prepared from a variety of 
different monomers. PNIPAM microgels undergo a volume phase transition at a defined 
temperature (VPTT). At this temperature, for PNIPAM the VPTT is 33 to 34°C, most of the 
solvent in the microgel is expelled from the polymer network and thus the microgel particles 
shrink. 19 The VPTT is known to be affected by e.g. crosslink density,20 solvents21 and co-
monomers,22 however the mechanism that leads to the stimuli sensitivity of PNIPAM is still 
under investigation.23,24,25,26,27 
The reason why microgels based on PNIPAM became a kind of workhorse in physical 
chemistry and material science is that their preparation and modification is rather simple, for 
example adding acrylic-(AAC) or methacrylic acid (MAA) microgels with additional pH 
sensitivity can be synthesized.28 PNIPAM Microgels can be synthesized in a size ranging from 
100 to 1000 nm, while the size depends in the composition and on the reaction conditions.29 
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1.5 Synthesis 
Microgels can be synthesized by emulsion polymerization30,31, anionic copolymerization32 , 
cross-linking of polymer chains 33  and inverse micro-emulsion polymerization 34 . Emulsion 
polymerization (some working groups prefer the term precipitation or dispersion 
polymerization in this context) is the most common technique nowadays, as it yields microgels 
with very narrow size distribution and the experimental setup is rather simple. This particle 
synthesis is often performed by adding surfactant, but can also be performed in the absence of 
surfactants (surfactant free emulsion polymerization (SFEP)). The NIPAM and eventual co-
monomers together with a crosslinker (for NIPAM N,N’-methylene-bisacrylamide (BIS) is 
most often used) are dissolved in water. The reaction is performed in the absence of O2, and 
usually at a temperature well above the VPTT of PNIPAM. In our synthesis potassium 
peroxodisulfate (K2S2O8, KPS) is used as a radical starter for the polymerization. A general 
scheme of the microgel synthesis is presented in Figure 6. 
During the reaction the polymer chains become insoluble as they grow. Some experiments 
suggest that this already happens at a chain length of 3 monomeric units and above.35 As a 
consequence the precipitating polymer chains form seed particles which are aggregating and 
growing as the reaction proceeds. From kinetic reaction models of these monomers the 
 
Figure 6. Scheme of microgel synthesis. The reaction is performed in water and initiated 
by potassium peroxodisulfate (KPS). 
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conclusion was drawn that the crosslinker, N, N’-methylenebisacrylamide (BIS), is consumed 
more rapidly during the reaction than the other monomers.36,37,38,39 This leads to a depletion of 
crosslinker in the solution and, as polymerization proceeds, little or none crosslinked polymers 
are formed which are not connected to the microgel particles. The reaction product thus consists 
of microgels and of low molecular weight, water soluble polymers. Usually dialysis or 
centrifugation techniques are applied to remove the low molecular weight fraction and residual 
monomers.30 
1.6 Structure of microgels 
An important feature of microgels is their particle structure. Usually microgels are spherical 
particles, but unlike inorganic particles they are soft and highly porous, and have a fuzzy 
surface with weakly crosslinked polymer chains. 40 , 41  Their crosslink density is known to 
decreases with the radius.40 The most accepted explanation for the observed behavior is the 
higher reactivity of the crosslinker compared to the reactivity of PNIPAM. 42  The charges 
generated from the decomposition of the starter (KPS) are probably arranged in the shell of the 
particle. Saunders and coworkers suggested that this structure my lead to a two stage volume 
phase transition, with the shell having the higher VPTT.19 The situation is much less clear when 
co-monomers are involved in the synthesis. In 2004 Hoare and Pelton published their findings 
on the “functional group distribution of carboxylic acid containing PNIPAM microgels”.43 In 
this work they found that methacrylic acid groups are distributed more on the outside of the 
microgel particles in “core-shell morphology”. One year later Hoare and Pelton stated that 
according to their measurements of the electrophoretic mobility measurements, PNIPAM co 
MAA microgels consist of a MAA-rich core and a PNIPAM-rich shell.44 Two years later one of 
them, Hoare, published his work on the “kinetic prediction” of the functional group 
distribution.45 According to their calculations and experiments the MAA functional groups are 
mainly in the core of the microgels. The reaction conditions in all publications were similar. 
From the theoretical point of view a structure with a MAA rich core and a depletion of MAA 
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towards the surface of the microgel seems reasonable. The reactivity of MAA is higher 
compared to the reactivity of NIPAM although the absolute magnitude is still a matter of 
discussion.46,47 Under acidic conditions the MAA should not significantly increase the solubility 
and should therefore not delay the precipitation of MAA rich PNIPAM-polymers.48 This may 
change when pH and therefore solubility are increased. One of the very few works on the 
reaction speed and progression is the work of Zhou et al..48 They investigated the evolution of 
PNIPAM-co-MAA microgel particle size over a reaction time of max. 200 min. and different 
amounts of MAA. They obtained large particles with a broad size distribution from the 
surfactant free emulsion polymerization. For reasons of smaller particle size distribution they 
added small amounts of SDS to their synthesis. Their mayor results regarding the kinetic of 
particle formation are that the maximum particle size is reached after about 20 min for 25 m% 
MAA and 40 min for 75 m% MAA in the synthesis batch. 
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2 Experimental 
The following chapter gives an overview about the experimental techniques used in this work. 
Additionally, the sections that have already been published, or are intended for publication in 
the future contain a specific experimental part in which the experiments are discussed in more 
detail. 
2.1 Particle Characterization 
2.1.1 Light scattering 
Two instruments have been applied to determine the hydrodynamic particle size. For detailed 
analysis of the particle size, some samples have been characterized by angular dependant 
dynamic light scattering (DLS) to investigate the aggregation behavior. DLS was performed on 
an ALV-5000 (ALV) at a laser light wavelength of 632.8 nm. The samples were prepared in a 
flow box and filtered through syringe filters to avoid contamination of the sample by dust. 
Where pH-adjustment was necessary the pH was changed with diluted HCl and NaOH and 
measured by a Metrohm 744 pH-Meter, equipped with a Biotrode pH-probe. After the 
temperature of the sample was adjusted to the desired value, the experiment was carried out at 
different scattering angles usually with 3 measurements each and a acquisition time of 180s per 
measurement.  
The second method used to characterize the hydrodynamic particle size is a fixed angle setup 
with a scattering angle of 173° implemented in a bench top instrument called Nano ZS 
(Malvern Instruments). The wavelength of the laser light is 633 nm. If the flow cells supplied 
by the manufacturer are used, an autotitrator (MPT-2; Malvern Instrument) was used for pH 
adjustment. The acid and base used by the autotitrator are degassed by an online degasser to 
improve the accuracy and performance of pH-adjustment. For the measurements performed at 
the Nano ZS, the total measurement time is divided into sub-runs of 10s (in automatic mode) or 
more often 30s (in manual mode). The correlation functions of all valid single sub-runs are 
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summed up. The automatic setup does not allow sufficient acquisition time (10s) to obtain a 
satisfactory sub-run correlation function of particles with Rh > 300 nm. For those particles the 
manual setting with 30s acquisition time had to be used. The number of sub-runs is determined 
by the instrument itself and depends on the particle concentration and scattering intensity of the 
sample. 
For both setups, the diffusion coefficient was derived from second-order cumulantes fits. 
Hydrodynamic radii were calculated via Stokes-Einstein-Equation (Eq. 2). 
 
2.1.2 Zeta potential / Electrophoretic Mobility 
The zeta potential of the microgels was determined with a NanoZS (Malvern Instruments) 
equipped with a MPT-2 autotitrator for pH adjustment. The zeta potential is calculated from the 
measured electrophoretic mobility using the Smoluchowski equations. The voltage applied for 
the measurement in the disposal flow cell was 150 V. The hydrodynamic radius (Rh) was 
determined in the same cell with the same sample under current free conditions. The scattering 
angle is 173° and the wavelength of the laser light is 633 nm. There is an ongoing debate about 
the meaning of the zeta potential in case of soft colloidal particles. In such particles the charges 
are not located solely at the surface and the particles show ion permeability. This is why the 
classical models for the zeta potential do not hold for soft particles, as shown by Ohshima.1 The 
application of Ohshima’s theory to microgels is not completed, yet.2,3 In this thesis I therefore 
want to restrict the discussion to zeta potentials as most readers are probably more familiar with 
that term than with electrophoretic mobility, we discuss the particle characterization in terms of 
zeta potential. Zeta potential and electrophoretic mobility are connected via the Smoluchowski 
equations, and can be recalculated easily. 
Eq. 2. Stokes Einstein Equation. 
B
0
h
k TD
6 R
=
piη      
kB: Boltzmann Constant 
T: Thermodynamic Temperature 
η: Viscosity 
Rh: hydrodynamic radius 
D0: Diffusion coefficient 
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2.1.3 pH- and conductometric Titration of microgels 
The composition of the content of methacrylic acid in the final product may differ from the 
composition of the synthesis batch. Thus an analysis of the actual microgel composition is 
necessary, and therefore we apply acid/base titration. For pH and conductometric titration a 
known mass of the sample material was redispersed in water and the sample was made acidic 
with an excess of HCl. The titration with NaOH was performed under N2 in a temperature 
controlled cell with a Metrohm Autotitrator. pH- and conductivity values were recorded 
automatically after the pH-value became stationary. 
2.1.4 Bulk-Rheology 
The bulk rheology of aqueous microgel was measured using a CVO Rheometer (Bohlin) 
equipped with a Peltier plate for temperature control. A 40 mm/4° cone and plate geometry was 
chosen for the rheological measurements because this geometry allows to establish a nearly 
uniform shearing flow, independent of the radial position in the sample. The gap between cone 
and plate was 150 µm at 25°C and was corrected for thermal expansion where T-dependent 
measurements were performed. 
2.2 Emulsion Characterization 
2.2.1 Flow Particle Image Analyzer (FPIA) 
Droplet size distributions of the emulsions were obtained from measurements with an FPIA-
3000s (Sysmex) equipped with a 20 times magnification lens. The o/w-emulsion were diluted 
with water and injected into the apparatus. The standard “sheath liquid” supplied by the 
manufacturer was used as eluent. Pictures of the droplets were analyzed with the software 
Eq. 3. Smoluchowski Equation. 
 
 
µe: Electrophorethic mobility 
ζ:  Zeta Potential of the particle 
ε0: Electromagnetic succesibility 
(vacuum) 
εr: Electromagnetic succesibility 
(surrounding solution) 
η: Viscosity 
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package supplied by the manufacturer. To avoid any distortions of the measurement results by 
densely packed drops or agglomerates, only free spherical drops were taken into account. The 
drop diameter is calculated as the diameter of a circle with the same cross section area as the 
detected drop (Circle Equivalent Diameter (CE)). The weighting of the different droplet sizes, 
when a mean droplet diameter for emulsions should be calculated, depends on the focus of the 
study.4 Therefore the basis for the calculation is given in the chapter where the results are 
discussed. 
2.3 Characterization of the interface / interfacial layer 
2.3.1 Interfacial Tension 
The interfacial tension (IFT) measurements were carried out on a DSA100 (Krüss GmbH) 
equipped with a pendant drop module. The picture analysis was done with the help of the Drop 
Shape Analysis program (Version 1.01) supplied by the manufacturer. The IFT values were 
extracted from the live pictures, usually with the highest rate possible (approximately 1 reading 
/ 1-2 s). 
2.3.2 Interfacial Dilatational Rheology 
The interfacial dilatational rheology (further on referred to as interfacial rheology) experiments 
on w/o interfaces have been carried out with an ODM-Module for the DSA100 (Krüss GmbH). 
The volume and thus the area of the droplet were varied by applying a voltage to the piezo-
driven membrane. The voltage was varied with a certain frequency (0.4, 0.2 and 0.1 Hz) and 
defined amplitude (15 and 30 % with respect to the maximum voltage) for each sample. In later 
experiments smaller voltage amplitudes were used, due to the changed characteristic of a new 
membrane. The actual deformation, which was applied to the drop, was set to be in the range of 
3 to 8 % with respect to the drop area. A video of the oscillating droplet was recorded. 
Measurement time was at least 6 times the period of oscillation. The collected videos of the 
oscillating drop have been analyzed with the software package supplied by the manufacturer 
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(Drop Shape Analysis). To guaranty a stable temperature, the cuvette was placed in a chamber 
which was temperature controlled with an external cryostat. The interface was created at the 
desired temperature and left for equilibration. During a heating procedure, small volume 
corrections were made to reduce the effect of thermal expansion of the liquid. At each 
temperature step the temperature was allowed to stabilize for 30-45 min. 
2.3.3 Interfacial Shear Rheology 
The interfacial shear rheology experiments have been carried out on an AR-G2, stress-
controlled rheometer (TA Instruments) equipped with so called double wall ring geometry. This 
geometry is a merge of the well known Du Noüy-ring setup which is in use for interfacial shear 
rheology and the bulk double wall Couette geometry. A detailed description of the experimental 
setup is given in ref. 5. After placing the microgel solution in the cup, the ring was lowered 
until it was touching the surface. Heptane was added carefully to avoid disturbance of the 
interfacial buildup process. The interfaces were left to equilibrate for at least 45 min. 
2.3.4 Confocal Laser Scanning Microscopy 
The confocal laser scanning microscopy pictures were taken on a MicroTime200 (PicoQuant 
GmbH, Berlin, Germany). A laser with a wavelength of 531 – 533 nm was used to excite the 
fluorescent label on the microgel. The emitted light was detected by single avalanche photo 
diodes (SPAD) (Micro Photon Devices, Bolzano, Italy). The emulsion was placed on the 
sample glass and a series of x/y layers were scanned. The sample temperature was about 23°C. 
Z-distance between the layers was 750 nm. 
2.4 Additional Methods 
2.4.1 Density Measurements 
The density measurements have been carried out at a DMA 10 (Heraeus/Paar). Later 
measurements have been performed at a more modern DMA 5000 (Anton Paar). The 
measurement principle of both instruments is based on the fact that the resonance frequency of 
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a body with its mass. In the instrument a capillary of well defined volume is used. The 
resonance frequency is altered, as the capillary is filled by a liquid. The derived mass and the 
known volume could then be used to calculate the density of the liquid. For the DMA 10 the 
instrument constant had to be determined out of a set of measurements with air and water, 
before starting the measurements (details see handbook). This procedure is not necessary for the 
DMA 5000. After the instrument constant was determined the oils were injected into the 
apparatus. Great care was taken that the capillary is free of air bubbles and contamination. After 
the oils were allowed to reach the desired temperature, 10 measurements have been recorded 
and the density was calculated. 
2.4.2 Refractive Index 
The refractive index of the oils was measured on a temperature controlled refractometer. The 
oil was put onto the glass plate, the instrument was closed and the oil was allowed to reach the 
desired temperature. 
2.4.3 Capillary Viscosimetry 
The viscosity of the oils was determined with the help of a capillary viscosimeter (Schott). The 
capillary is filled with the oil and put in a water bath. The oil flow is controlled by a pump and 
valve system which allows a full automatic measurement. The time that the oil needed to pass 
the capillary is recorded automatically by the instrument. Capillaries with different constants 
have been chosen for the different oils, to minimize the measurement error (1-Oktanol and 
Isopropylpalmitate: 0.0027010 mm2/s2; Dibutyl adipate: 0.0027770 mm2/s2; 2-hexyl-1-decanol: 
0.010010 mm2/s2). 
                                               
1 Ohshima, H. Colloid. Polym. Sci. 2007, 285, 1411. 
2 Fernandez-Nieves, A.; Marquez, M. J. Chem. Phys. 2005, 122, 084702. 
3 Daly, E.; Saunders, B. R. Phys. Chem. Chem. Phys. 2000, 2, 3187. 
4 Sauter, J. in „Die Größenbestimmung von Brennstoffteilchen“, 1926 VDI-Verlag, Berlin. 
5 Vandebril, S.; Vermant J.; Moldenaers, P. (in preparation). 
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3 Results and Discussion 
3.1 Microgels in Oils 
The solubility or dispersability of microgels is frequently discussed in the literature. However 
the literature in this field is rather limited and the main focus is usually on microgel synthesis 
and functionalization. Consequently the current literature is limited to solvents which are used 
in reactions, and there is hardly any literature about the oils applied in this work. Ngai et al. 
proposed a de-stabilization mechanism for microgel stabilized emulsion which is governed by 
microgel desorption from the oil/water interface and, as they supposed, a migration of 
microgels to the oil.1,2 This chapter is an overview about the attempts to verify this proposed 
mechanism by performing solubility test with the pure oils and microgel, and light scattering 
experiments, performed to show the presence of microgel in oil phases. High polar oils like 1-
Octanol, dibutyl adipate and isopropyl palmitate are most likely to solubilize PNIPAM, thus 
they are in the focus of this study.  
3.1.1 Experimental 
3.1.1.1 Applied Oils 
The database about the oils (chemical structure given in Figure 7) we applied in this study was 
very poor at the beginning of this work. Density, viscosity and refractive index of the oils were, 
if published at all, only known for 25°C. The accuracy of the analysis of light scattering results 
strongly depends on the quality of those data. Therefore, those oil properties had to be 
determined precisely prior to the experiments.  
The results of these measurements are shown in Figure 8 - Figure 11. 
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Figure 9. Temperature dependency of the 
refractive index of the oils investigated. 
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Figure 8. Temperature dependency of density of the 
oils investigated in this study.  
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Figure 10. Viscosity of the investigated oils with 
respect to temperature.  
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Figure 11. Kinematic viscosity of the investigated 
oils with respect to temperature. 
 
Figure 7. Chemical composition of the applied oils. 
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3.1.1.2 Microgels 
To characterize the influence of the composition of the microgel on the solubility (or 
dispersability) in oil, different microgels are applied in this study. The composition of 
microgels applied is displayed in Table 1.  
3.1.2 Results 
3.1.2.1 Solubility in oils in absence of water 
The results of the solubility experiments with microgels and oils in the absence of water are 
shown in Table 2. Additional, experiments with unpolar oils, like toluene, do not show any sign 
for solubility. From these results it is obvious that only oils which could possibly act as co-
surfactants can be used to solubilize the microgels. However we cannot judge whether the 
microgels are dispersed or the PNIPAM is actually solubilized in the oils and the microgels are 
thus swollen.  
Monomer 
PNIPAM53 
(BB-04) 
PNIPAM31 
(BB-07) 
PNIPAM10 
(BB-14) 
PNIPAM00 
NiPAM 
NiPAM [%] 93,2 95,5 96 97 
BIS [%] 1,5 1,6 3 3 
MAA [%] 5,3 3,1 1,0* 0 
* MAA according to synthesis composition 
Table 1. Composition of microgels used in this study. The crosslink density of 
the pure PNIPAM microgel was not available. 
 PNIPAM53 PNIPAM31 PNIPAM10 PNIPAM00 
1-Octanol + ? + + 
Dibutyl 
adipate 
- - - - 
Isopropyl 
palmitate 
- - - - 
Table 2. Result of solubility experiment. +:positive confirmation of microgels in the oil by 
light scattering; ?: inconclusive results; -: no microgels could be found in the oil. 
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The Rh of microgel dispersions in 1-octanol is displayed in Table 3. These results clearly show 
that the microgels, when they are swollen by the oil, are slightly smaller in these oils than in 
water. PNIPAM53 is about 60 nm smaller while PNIPAM10 is about 300 nm smaller. 
PNIPAM00 however show nearly the same hydrodynamic radius than in water (Rh in H2O: 
170nm). The increased hydrophilicity of the MAA obviously influences the swellability of the 
microgel. It can be assumed that hydrophobic domains of the microgel might have incorporated 
some oil, whereas the hydrophilic domains are not swollen. Therefore the microgels containing 
MAA are not allowed to reach the degree of swelling they reach in water. 
3.1.2.2 Solubility in the presence of water 
Microgels were redispersed in water at a pH of about 9. The microgel + water (2 ml) was 
covered with oil (5 ml), and left on the bench for 1 week for equilibration. A second set of 
samples was stored for 1 week at 60 °C. This temperature is well above the volume phase 
transition temperature of PNIPAM. At this temperature PNIPAM is supposed to turn from 
hydrophilic to hydrophobic, and should, according to the hypothesis, migrate towards the oil. 
The samples stored at room temperature did not show any sign of microgels that migrate to the 
oil. The only exceptions were the samples prepared with dibutyl adipate as the oil, where some 
turbidity has been observed with all microgels that contain MAA but not with the pure 
PNIPAM microgel. The same was true for the samples stored at 60 °C for one week. No 
Sample 
Hydrodynamic radius, Rh (nm) 
Heating Cooling 
20°C 25°C 30°C 35°C 40°C 45° 45° 40°C 35°C 30°C 25°C 20°C 
PNIPAM00 + Octanol 179 201 190 219 182 199 204 184 182 184 188 177 
PNIPAM53 + Octanol / 291 299 296 327 349 351 / 307 315 / / 
PNIPAM10 + Octanol 106 111 114 113 112 113 118 119 114 111 110 104 
 
Table 3. Hydrodynamic radius of the dispersed microgels in oil determined by dynamic light scattering. Note that 
the signal/noise ratio was low in all experiments. This lead to poor results with some samples. 
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Figure 12. Dibutyl adipate/ 
water+microgel sample 36h (left) and 
48h (right) after being heated to 50°C. 
The left sample is still turbid while the 
right sample is nearly transparent.  
evidence for the presence of microgels in the oil could be 
found, except in the case where dibutyl adipate was used. 
In both experiments with dibutyl adipate we found a 
significant signal in the DLS.  
For further investigations of these phenomena, additional 
experiments were carried out. We placed a small drop of 
microgel solution in a light scattering cuvette and 
covered it with dibutyl adipate. The cuvette was placed 
in the ALV-5000 setup in such a way that the laser beam 
penetrates the sample only some millimeter above the water/oil interface. The scattering signal 
was then recorded with respect to time and temperature. It turned out that the water is dissolved 
in the dibutyl adipate, creating a turbid oil phase, because the detected hydrodynamic radii were 
above any reasonable diameter for the microgel particles (>> 1 µm). We could also show that 
the phase boundary between oil and water disappeared during the measurements. Interestingly, 
this process was fully reversible. When the solutions was cooled down and stored at the bench 
for a while, full phase separation occurred (see Figure 12). Note that the volume of the water 
phase at the bottom of the cuvette increased during cooling and afterwards. The water and oil 
are obviously demixing during cooling. 
3.1.3 Conclusions 
A large set of different environmental parameters, like temperature and microgel charge, have 
been investigated in order to create conditions were microgel particles can be either dissolved 
or dispersed in the oil. Although some results are inconclusive, we can conclude that microgels, 
no matter of which charge, do not migrate to the oil if the temperature and thus the solubility of 
PNIPAM is altered. The deviating results for dibutyl adipate can be explained by water that is 
dissolved in oil. If the microgels are also migrating to the dibutyl adipate could not finally be 
concluded. The fact that the dibutyl adipate + water solution decomposed after cooling, and 
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after a while the turbidity vanished completely lead us to the assumption that the microgels, if 
migrating to the oil at all, are not in a conditions where they can stabilize emulsions. If they 
would be in the oil and stabilize the emulsion, the turbidity would not vanish after a while. We 
could assume that dibutyl adipate itself could act as a surfactant and that the microgels do not 
play any role in water uptake. A possible change in conformation that might induce such 
behavior is displayed in Figure 13. This surfactant-like nature could depend on the temperature. 
This could explain why dibutyl adipate shows such a significant uptake of water at elevated 
temperatures. However, at this early stage it is impossible to draw a final conclusion. 
 
                                               
1 Ngai, T.; Behrens, S. H.; Auweter, H. Chem. Commun. 2005, 331. 
2 Ngai, T.; Auweter, H.; Behrens, S. H. Macromolecules 2006, 39, 8171. 
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Figure 13. Proposed conformation change that may induce a surfactant like behavior (right; 
dark grey: hydrophilic, light grey: liophilic). 
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3.2 Microgel stabilized emulsions and their long term stability 
3.2.1 Motivation 
Emulsions, the dispersion of one insoluble phase into another, have to be stabilized to avoid 
immediate droplet coalescence and phase separation (except microemulsions, which are not 
considered here). Therefore, interfacially active substances are applied as stabilizers, to slow 
down droplet coalescence. Nevertheless, emulsions are only metastable, and will still phase 
separate over long time scales. The minimum separation time from which emulsions are 
regarded as being “stable” depends on the application.  
Big droplets are thermodynamically favored, compared to smaller droplets, because of the 
lower surface/volume ratio. Reduction of the surface/volume ratio is the driving force for the 
droplet size increase, called ripening. Droplet ripening may occur by different ripening 
mechanisms, coalescence and Ostwald ripening. Ostwald ripening describes the growing of 
bigger droplets while small droplets disappear. As this mechanism is driven by transport of the 
dispersed phase from small to bigger droplets, it requires a significant solubility of the 
dispersed phase within the continuous phase. Coalescence, the merger of two or more droplets 
to one bigger droplet, may occur independent of the solubility of the dispersed phase. Most 
publications focus on slowing down droplet coalescence by interfacial active stabilizing agents, 
and neglect Ostwald ripening. For some applications creaming or aggregation of droplets is not 
wanted and is thus regarded as emulsion de-stabilization. In these two cases the droplets remain 
intact, but rise or sediment due to o/w density differences (creaming). In microgel stabilized 
emulsions we observed mainly creaming, but as that is reversible by agitation we do not 
consider it in this study. 
Studies of the ripening mechanism require long term, reproducible, high precision droplet size 
distribution measurements. Recent developments in image analysis by computer and in the 
instruments have made such measurements possible. In this study we want to characterize the 
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stability of microgel stabilized emulsions over timescales of 4-6 weeks and investigate whether 
the size distribution measurements lead as to a description of the ripening process. All 
experiments are performed with the Flow Particle Image Analyzer (FPIA-3000 (Sysmex)).  
3.2.2 Experimental 
3.2.2.1 Determination of mean droplet sizes 
The droplets of emulsions are usually polydisperse. Discussion of a number of entire droplets 
size distributions is not very handy, thus mean droplet sizes are discussed. There are a number 
of methods to calculate the mean droplet size, which could be found in current literature. The 
most useful method depends on the application and on the focus of the study, and the “correct” 
methods for each purpose are frequently subject to extensive discussions. In fact, nearly each 
field of research creates its own “true” mean diameter. The arithmetic length weighted mean of 
the droplet diameter is probably the most common way, but unfortunately not a very useful way 
to describe emulsions. This mean diameter represents the diameter at which the sum of the 
diameters of the same number of monodisperse droplets is the same as the diameter sum of the 
emulsion. 
Eq. 4. Calculation of the length weighted diameter. 
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Eq. 5. Calculation of surface weighted mean droplet diameter. 
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Interfacial active substances adsorb at the interface. Thus the interface or surface weighted 
diameter (SWD) is more suitable to describe emulsions when droplet diameters are discussed in 
the context of emulsion stabilization. 
Dswd represents the diameter at which the same number of droplets of an artificial monodisperse 
emulsion has the same surface as the emulsion. The different methods of calculating the mean 
radius out of a droplet size distribution lead to different weighting of the different droplet sizes. 
The surface weighted mean droplet diameter is more sensitive to big droplets, and is therefore 
often bigger than the number weighted mean droplet diameter. Another way to describe droplet 
size distributions, without size depending weighting, is to use a number based description. 
Usually those data are given as dx, where “x” is the percentage of particles below that diameter. 
d10, d50 and d90 are often used to characterize particle size distributions. As this method has been 
proven to describe broad size distribution without overweighting certain droplet sizes, we will 
apply the d50 in our discussion here. 
3.2.2.2 Emulsion composition and preparation 
The microgels used in this study differ in the incorporated amount of methacrylic acid (MAA). 
The microgels BB-04 and BB-15 (5 m% MAA), BB-07 (3 m% MAA), BB-16 (7 m% MAA) 
were applied as emulsion stabilizers and toluene and isopropyl palmitate were used as oils. The 
microgels were dispersed in water (1 m% of microgel) and the pH was adjusted to pH 8-9. 
After 2 days the pH was checked and readjusted when necessary. For experiments with lower 
microgel mass fractions a part of the microgel solution was diluted to obtain samples with a 
microgel mass fraction of about 0.6m%. Microgel solutions and oil where added together in a 
6/4 volume ration. All emulsions are of oil in water type, which has been confirmed by dying 
the oil with Sudan Blue (oil soluble dye). The emulsions where prepared by an Ultra Turrax 
(8.000 rpm) or a vortex stirrer. Some samples have also been prepared by a disperser disc at a 
speed of about 400 rpm. 
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3.2.3 Results and Discussion 
This quite comprehensive study with a large set of prepared emulsions revealed that most 
microgel stabilized emulsions are highly stable after preparation, and do not change 
significantly in mean droplet size or droplet size distribution. In this chapter, the discussion will 
therefore be limited to some representative examples of such stable emulsions, and discuss the 
few interesting samples which were not as stable.  
All prepared emulsions were polydisperse, with a droplet size ranging from < 1 µm to 20 µm, 
in some cases even 100 µm. The mean droplet sizes, length weighted and surface weighted, of 
most emulsions were < 10 µm. Most emulsions prepared with toluene and isopropyl palmitate 
were remarkably stable over the 30 day period.  
3.2.3.1 Emulsions stabilized with PNIPAM-co-MAA(3m%) microgels 
  
Emulsions stabilized with a PNIPAM-co-MAA microgel containing 3 m% methacrylic acid 
where prepared and their droplet size has been determined. Most emulsions seem to be stable, 
and their droplet size did not change during the observation period. The changes in the mean 
droplet sizes are rather small, or did not show a clear trend, to discuss a ripening of the 
emulsions (Figure 14 and Figure 15). One remarkable fact that should be investigated in more 
0 5 10 15 20 25 30
1
2
3
4
5
6
7
8
9
M
e
an
 
D
ro
pl
et
 
D
ia
m
et
er
 
[µm
]
Days after Preparation [d]
Ultra Turrax
 NWD
 SWD
Disperser Disc
 NWD
 SWD
Schaker
 NWD
 SWD
 
Figure 14. Time dependence of the number 
weighted (NWD) and surface weighted (SWD) 
mean droplet diameter of isopropyl 
palmitate/water emulsions (stabilized with 
PNIPAM-co-MAA(3m%)) for the three different 
preparation methods. 
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Figure 15.Time dependence of the number weighted 
(NWD) and surface weighted (SWD) mean droplet 
diameter of toluene/water emulsions (stabilized with 
PNIPAM-co-MAA(3m%)) for the three different 
preparation methods. 
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detail in the future is that emulsions with both oils seem to decrease in mean droplet sizes after 
preparation with the disperser disc. The toluene/water emulsion even becomes more 
polydisperse with time, as the increasing difference between the NWD and the SWD diameter 
indicates (see Figure 15). 
3.2.3.2 Emulsions stabilized with PNIPAM-co-MAA (5 m%) microgels 
 Emulsions stabilized with a PNIPAM-co-MAA microgel containing 5 m% methacrylic acid 
where prepared and their droplet size evolution has been evaluated. 
PNIPAM-co-MAA(5m%) microgels are acting as stabilizers for emulsions, too. All emulsions 
are remarkable stable over the period of observation. The isopropylpalmitate / water emulsions 
are of about the same mean droplet diameter, regardless of the preparation method (NWD: ~2 
µm; SWD: ~4 to 5 µm, see Figure 16). Toluene/water emulsions are much more polydisperse, 
when prepared by shaker or disperser disc, than the isopropyl palmitate emulsions, as the bigger 
difference between the NWD and the SWD of the toluene/water emulsion shows (compare 
Figure 16 and Figure 17). However the preparation by using the Ultra Turrax leads to emulsions 
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Figure 16. Time dependence of the number 
weighted (NWD) and surface weighted (SWD) 
mean droplet diameter of isopropyl palmitat/water 
emulsions (stabilized with PNIPAM-co-
MAA(5m%)) for the three different preparation 
methods. 
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Figure 17. Time dependence of the number weighted 
(NWD) and surface weighted (SWD) mean droplet 
diameter of toluene/water emulsions (stabilized with 
PNIPAM-co-MAA(5m%)) for the three different 
preparation methods. 
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with about the same droplet size for both oils. Again, we observed a decrease in droplet size 
when the toluene/water emulsions are prepared with the disperser disc (Figure 17). 
3.2.3.3 Emulsions stabilized with PNIPAM-co-MAA(7m%) microgel 
  
PNIPAM-co-MAA microgels containing 7m% MAA lead to isopropylpalmitate / water 
emulsion with very low droplet sizes (Figure 18), when prepared with Ultra Turrax or with the 
Disperser Disc. Preparation by the shaker did not yield stable emulsions, because the aqueous 
phase was not dispersed, by the low shear forces of the shaker. The results from the 
experiments with toluene/water emulsions are inconclusive. For the emulsion prepared with the 
Ultra Turrax we observed a strong aggregation of bigger oil droplets that build up a gel. In this 
case the droplets could not be redispersed again. The remaining droplets that could be 
measured, showed such a low droplet size that the FPIA could not preciously determine the 
droplet size any more. The other toluene/water emulsions did show creaming, but those droplets 
could be redispersed easily by agitation. 
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Figure 18. Time dependence of the number 
weighted (NWD) and surface weighted (SWD) 
mean droplet diameter of isopropylpalmitat/water 
emulsions (stabilized with PNIPAM-co-
MAA(7m%)) for the three different preparation 
methods. 
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Figure 19. Time dependence of the number 
weighted (NWD) and surface weighted (SWD) 
mean droplet diameter of toluene/water emulsions 
(stabilized with PNIPAM-co-MAA(7m%)) for the 
three different preparation methods. 
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3.2.3.4 Droplet Size Distribution 
  
 A representative example of a droplet size distribution we measured in our experiments is 
depicted in Figure 20 and Figure 21. Usually we observed a mono-modal droplet distribution 
with very broad distribution of particle sizes. 
Some unexpected observations have been made with some emulsions prepared by a disperser 
disc. Here some mono-modal emulsions changed to bimodal distributions with time. One 
  
 
Figure 20. Droplet diameter distribution of 
toluene/water emulsion stabilized with 
PNIPAM-co-MAA(5m%) after preparation 
with the Ultra Turrax (JH-11-01). (dark grey: 
particles/fraction; line: Cumulative no.; light 
grey areas: limits of instrument specification). 
Figure 21. Droplet diameter distribution of a 
toluene / water emulsion stabilized with 
PNIPAM-co-MAA(5m%) microgels 14 days 
after preparation with the Ultra Turrax (JH-
11-08). (dark grey: particles/fraction; line: 
Cumulative no.; light grey areas: limits of 
instrument specification). 
Figure 22. Toluene/water emulsion 
stabilized with PNIPAM-co-MAA(5m%) 
after preparation with the Disperser Disc 
(JH-39-01). (dark grey: particles/fraction; 
line: Cumulative no.; light grey areas: limits 
of instrument specification). 
Figure 23. Toluene/water emulsion stabilized 
with PNIPAM-co-MAA(5m%) 14 days after 
preparation with Disperser Disc (JH-39-05). 
(dark grey: particles/fraction; line: 
Cumulative no.; light grey areas: limits of 
instrument specification).. 
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example of such a mono-modal to bimodal transition is depicted in Figure 22 (after preparation) 
and Figure 23 (14 days after preparation). At the same time the number of detectable particles 
decreased from about 150,000 to about 62,000 particles per analyzed sample volume (~2µl).  
3.2.4 Summary and Conclusion 
A variety of emulsions with isopropyl palmitate or toluene and water, stabilized by PNIPAM-
co-MAA microgels with different MAA fractions (3, 5 and 7 m%), have been prepared by Ultra 
Turrax, Disperser Disc and Vortex shaker. The droplet size distribution has been analyzed by 
means of Flow Particle Image Analysis (FPIA), and the time dependence of the droplet sizes 
has been evaluated. In summary, we can conclude that preparation by Ultra Turrax and Shaker 
yield stable emulsions in a droplet size ranging from 1 to 20 µm, with a maximum of the 
distribution function < 5 µm. Emulsion prepared with the Disperser Disc are much less stable 
and their droplet size seems to decrease with time, especially when toluene is used as oil. Most 
emulsions where mono-modal, but some emulsions prepared with disperser disc became 
bimodal when stored. Emulsions prepared with the Disperser Disc have a bigger mean droplet 
size than emulsions prepared with Ultra Turrax of Vortex Shaker. These observations lead to 
the assumption that oil droplets may be unstable above a critical droplet size, and break. The 
reduction of detected oil droplets in the aged emulsions, mentioned in Chapter 3.2.3.4, might be 
an indication for such decomposition. In order to obtain emulsions with a stable droplet size 
distribution, the preparation method has to create primary droplets below this critical droplet 
size.  
In our experiments we could not find any specific and conclusive sign for a ripening 
mechanism (for small droplets). Either the time scale was too short for good results, or microgel 
stabilized emulsions of isopropyl palmitate or toluene and water do not show ripening at all. 
Very long shelf life of such emulsion that has been observed (up to 2 years) supports the last 
assumption.  
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3.3 Emulsions stabilized by stimuli-sensitive poly (N-isopropylacrylamide)-co- 
methacrylic acid polymers: Microgels vs. low molecular weight polymers 
The work presented in this chapter was conducted in order to reproduce a work conducted by Ngai 
et al., and to perform further investigations on the system they described. However, it turned out 
that a simple transfer of their idea was not possible, and this series of experiments became more 
complex than originally intended. After all, this lead to interesting results and new insights in the 
emulsion stabilization by PNIPAM-co-MAA polymers and microgels, and the co-polymerization 
mechanism acting during a microgel synthesis. This work has been published prior to this thesis in 
Langmuir 2008, 24, 15, 7769. 
3.3.1 Abstract 
Responsive polymer microgels can be employed for the preparation of stimuli-sensitive emulsions. 
The microgels used in this study are based on crosslinked copolymers including N-
isopropylacrylamide and methacrylic acid. We conducted the synthesis under acidic and basic 
conditions to investigate the effect of changes of co-monomer solubility on the microgel’s 
composition and ability to stabilize emulsions. The synthesis product was partially divided into 
two fractions by centrifugation. Raw product, collected supernatant and purified microgel were 
characterized by means of light scattering, titration as well as electrophoretic mobility. The ability 
of the three components to act as stabilizers was investigated by preparing the octanol/water 
emulsions and looking at their response to pH and temperature changes. The interfacial activity of 
the three components was characterized by means of the pendent drop technique. Furthermore we 
investigated the response of the interface to dilatational stress using a pendant drop tensiometer 
equipped with an oscillating drop module. The results demonstrate that the pH during synthesis 
has a significant impact on the composition and thus the properties of the microgel and its ability 
to be utilized as a stimuli responsive stabilizer for emulsions. We conclude that microgels can be 
used as stimuli-sensitive stabilizers for emulsions, if the charges are incorporated in the microgel 
itself. 
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3.3.2 Introduction 
The ability of colloidal particles to stabilize emulsions has been investigated for more than a 
century. Originally discovered by Ramsden in 19031, this kind of emulsion became generally 
known as “Pickering Emulsion” after Pickering’s publication in 1907.2 A Pickering Emulsion in 
the common sense is an emulsion solely stabilized by solid, often inorganic, particles in the nano- 
to micrometer range.3,4 These particles adsorb at the oil/water interface and the dense layer of 
particles prevents the droplets from coalescence. Stabilization of the droplets is achieved by a 
combination of steric and electrostatic repulsion and viscoelastic behavior of the interface. 5 
Recently, several reports focused on the stabilization of emulsions with organic particles6,7,8,9,10,11 
have been published and especially the response of stabilizing particles towards external stimuli 
was addressed.12,13,14,15. 
In 2005 and 2006 Ngai et al. reported on the preparation and characterization of emulsions 
stabilized entirely by microgels consisting of crosslinked poly(N-isopropylacrylamide)-co-
methacrylic acid (PNIPAM-co-MAA).49,50 Crosslinked poly (N-isopropylacrylamide) (PNIPAM) 
microgels are well known for their thermo responsive character in aqueous solution. At 
temperatures below the volume phase transition temperature (VPTT), the particles are swollen by 
the solvent.16 If the microgels are heated above the VPTT of ca. 32°C, most of the solvent is 
expelled from the polymer network and the microgel shrinks. A simple way to obtain pH and 
thermo sensitive microgels, is the co-polymerization of PNIPAM with acrylic- or methacrylic acid 
(MAA).17,18,19 This allows varying the properties of such an ionic microgel as a function of pH.20, 
21
  
Freeze fracture scanning electron microscopy (SEM)-pictures reported by Ngai et al. revealed that 
the microgels are covering the o/w interface in their emulsions. The o/w (oil in water) emulsions 
stabilized with the raw reaction product were stable at high pH and low temperature but emulsions 
became unstable and eventually phase separated when the pH was reduced or the temperature 
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increased. Ngai and co-workers discussed that this behavior originates from a migration of 
microgel particles away from the o/w interface towards the oil phase. 
Such microgel particles are synthesized via radical dispersion polymerization. 22 , 23  While the 
polymer chains are growing during the reaction, they become insoluble in water under the reaction 
conditions (70°C>>VPTT), precipitate and form a dispersion of seed particles.16,24 Snyder et al. 
suggested that this precipitation of PNIPAM oligomers takes place already at a chain length of 3 
monomer units and above. 25  As a consequence the precipitating polymer chains form seed 
particles which are aggregating and growing as the reaction proceeds. From kinetic reaction 
models of these monomers the conclusion was drawn that the crosslinker, N,N’-methylene-
bisacrylamide (BIS), is consumed more rapidly during the reaction than the other 
monomers.26,27,28,29 This lead to a depletion of crosslinker in the solution and, as polymerization 
proceeds, little or non-crosslinked polymers are formed which are not connected to the microgel 
particles. The reaction product thus consists of microgels and of low molecular weight, water 
soluble polymers.30 Usually dialysis or centrifugation techniques are applied to remove the low 
molecular weight fraction and residual monomers.30 It is important to note that such reactions are 
usually carried out without any further pH adjustment. For the commonly used MAA fractions in 
water, this means that the pH is ca. 3, 31 and thus only a small fraction of the methacrylic acid is 
deprotonated (pKa: 4.66 32 ). Therefore the MAA-monomers are mainly uncharged and their 
solubility in water is poor. Zhou et al. stated that the deprotonated, and thus charged fraction of 
MAA, is too hydrophilic to be incorporated in the microgel.16  
Properties of liquid surfaces covered with linear poly (N-isopropylacrylamide) have been studied 
for nearly 10 years. Kawaguchi et al.33 and Zhang et al.34 investigated the changes in dynamic 
surface tension with respect to temperature and concentration. Kawaguchi et al. concluded that for 
all temperatures the adsorption rate of linear PNIPAM to the water/air surface is mainly diffusion 
controlled. Unlike Zhang et al., they observed a decay of surface tension both below and above the 
lower critical solution temperature (LCST) of linear PNIPAM, whereas Zhang et al. found no 
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reduction of the surface tension, if the surface layer is created at 40°C. However, once the 
PNIPAM is adsorbed to the surface (at T<LCST) it does not desorb, if temperature is increased 
above the LCST. Both groups reported an equilibrium water+PNIPAM / air surface tension of ca. 
40 – 45 × 10-3N/m, at 25°C. In a later study Zhang et al. concluded that the molecular mass of the 
PNIPAM also has a significant effect on temperature sensitivity of the adsorbed polymer. 35 
Experiments employing the oscillating pendant drop technique led to the conclusion that the 
reorganization of adsorbed linear PNIPAM from loop to train structure is crucial for elastic 
behavior of the surface. Further investigations on the surface rheology of PNIPAM absorbed to 
air/water interfaces have been published by Monteux et al.36 who concluded that the properties of 
the PNIPAM covered surface are very sensitive to the temperature history. They observed a 
transition from a viscous layer to an elastic layer. The surface shear moduli increased when the 
surface was heated continuously. A fresh surface created at higher temperature was found to be 
less rigid than a surface that was heated from lower temperatures. In case of the surface being 
created at higher temperatures, this fact was attributed to lower intermolecular interaction. 
As discussed above, the product of a PNIPAM-co-MAA microgel synthesis consists of at least two 
different classes of polymers, i.e. low molar mass polymers and high molar mass microgels. In 
addition, the monomer composition of these two fractions will depend on the pH during synthesis. 
In this publication we investigate how these two polymer species affect the ability to stabilize 
emulsions. Microgels and low molar mass polymers were separated and used for emulsion 
stabilization as well as the raw product, which was used by Ngai et al. In addition we investigated, 
if the pH of the monomer solution during synthesis has a significant effect on the ability of the 
microgel particles to stabilize emulsions. Synthesis were performed at pH=10, as in the case of 
Ngai et al, and at pH=3.  
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3.3.3 Experimental Section 
Chemicals. N-isopropylacrylamide (NIPAM) (> 99.0%) was purchased from Acros Chemicals, 
methacrylic acid (MAA) (> 99.0%) was purchased from ABCR-GmbH, N, N’-methylene-
bisacrylamide (BIS) (> 99.5%), the starter potassium peroxodisufate (KPS) (99.0%), 1-Octanol (> 
99%) and n-heptane (> 99%) were purchased from Merck. 2-hexyl-1-decanol (97%) was 
purchased from Sigma Aldrich. Toluene (> 99.7%) was purchased from KMF Laborchemie, 
Germany. The fluorescent label methacryloxyethyl thiocarbamoyl rhodamine B (MRB) was 
purchased from Polysciences Inc. All monomers and oils were used as received. Water for all 
purposes was doubly-distilled Milli-Q-water. 
Microgel synthesis. The PNIPAM-co-MAA microgels were synthesized according to Ngai et 
al.49,50 For the reaction a 1 L reaction vessel equipped with a reflux condenser, an overhead stirrer 
and a N2 in- and outlet was used. 15.00g NIPAM, 0.45g BIS, 0.76g MAA and 0,015g MRB were 
dissolved in app. 700 ml doubly-distilled water. The pH of the solution was adjusted to 10 by 
adding diluted NaOH. The monomer/crosslinker solution was heated to 70-74°C under nitrogen. 
After 1h 0.17g of KPS were dissolved in app. 25 ml of doubly-distilled water and added to the 
monomer solution. The reaction mixture became turbid about 1 min. after the starter was added. 
After a reaction period of 6h the reaction mixture was cooled down to room temperature under 
constant stirring. 
2/3 of the product was centrifuged (50.000 rpm; 35 - 40 min.), the supernatant was removed and 
the sediment redispersed in doubly distilled water. This procedure was repeated 3 times and the 
supernatant of all redispersion steps was collected. The synthesis product (component A), the 
collected supernatant (component B) and the sedimented microgel (component C) were freeze 
dried separately (see Figure 24).  
The components were redispersed in doubly-distilled water for 4-5 days prior use in experiments. 
We also synthesized a PNIPAM-co-MAA microgel without pH adjustment, for the second part of 
our study. The pH of the monomer solution was about 3.1 because of the dissolved MAA. Apart 
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from that, the synthesis was equivalent to the synthesis described above. The purified microgel of 
the synthesis at pH=3.1 is called “PNIPAM-co-MAA(pH3)” 
Preparation of emulsions. As long as not stated otherwise the emulsion was prepared in the 
following way; oil and microgel in water at a pH between 8 and 10 were added together. The oil 
content was about 40 V% for all emulsions. The mixing has been done with an ULTRA TURRAX 
T-25 with a 10 mm head usually at a speed of around 8.000 rpm for 1 min.  
Characterization of the microgel. For pH and conductometric titration a known mass of the 
sample material was redispersed in water and the sample was made acidic with an excess of HCl. 
The titration with NaOH was done under N2 in a temperature controlled cell with a Metrohm 
Autotitrator. PH- and conductivity values were recorded automatically after the pH-value became 
stationary. Particle size and zeta potential were determined with a NanoZS (Malvern Instruments) 
equipped with a MPT-2 autotitrator for pH adjustment. The zeta potential is calculated from the 
measured electrophoretic mobility using the Smoluchowski equations. The voltage applied for the 
measurement in the disposal flow cell was 150V. The hydrodynamic radius (Rh) was determined in 
the same cell with the same sample under current free conditions. The scattering angle is 173° and 
the wavelength of the laser light is 633 nm. There is an ongoing debate about the meaning of the 
zeta potential in case of soft colloidal particles. In such particles the charges are not located solely 
at the surface and the particles show ion permeability. This is why the classical models for the zeta 
potential do not hold for soft particles, as shown by Ohshima.37 The application of Ohshima’s 
 
Figure 24. Origin of the components used for emulsion stabilization. A: raw product of the synthesis, B: 
supernatant after centrifugation, C: purified microgel 
3. RESULTS and Discussion 
44 
theory to microgels is not completed, yet.38,39 In this publication we do not want to discuss the 
nature of the zeta potential in detail. As most of the readers might be more familiar with the term 
zeta potential than electrophoretic mobility, we discuss the particle characterization in terms of 
zeta potential. Zeta potential and electrophoretic mobility are connected via the Smoluchowski 
equations, and can be recalculated easily. 
Some samples have been characterized in more detail by angular dependant dynamic light 
scattering (DLS), to investigate the aggregation behavior. DLS was performed with an ALV-5000 
at a wavelength of 632.8 nm. The samples were prepared in a flow box and filtered through 
syringe filters to avoid contamination of the sample by dust. Where pH-adjustment was necessary 
the pH was adjusted with diluted HCl and NaOH and measured by a Metrohm 744 pH-Meter 
equipped with a Biotrode pH-probe. After the temperature of the sample was adjusted to the 
desired value, the experiment was carried out at scattering angles of 40° and 90° with 3 
measurements each. The diffusion coefficient was derived from second-order cumulants fits. 
Hydrodynamic radii were calculated via Stokes-Einstein-Sutherland-Equation. 
The interfacial tension measurements were carried out on a DSA100 (Krüss GmbH) equipped with 
a pendant drop module. The picture analysis was done with the help of the Drop Shape Analysis 
program supplied by the manufacturer. The IFT values were extracted from the live pictures with 
the highest rate possible (approximately 1 reading / 1-2 s). The interfacial dilatation rheology 
(further on referred to as interfacial rheology) experiments on w/o interfaces have been carried out 
with an ODM-Module for the DSA100 (Krüss GmbH). The volume and thus the area of the 
droplet were varied by applying a voltage to the piezo-driven membrane. The voltage was varied 
with a certain frequency (0.4, 0.2 and 0.1 Hz) and defined amplitude (15 and 30 % with respect to 
the maximum voltage) for each sample. A video of the oscillating droplet was recorded. 
Measurement time was at least 6 times the period of oscillation. The collected videos of the 
oscillating drop have been analyzed with the software package supplied by the manufacturer (Drop 
Shape Analysis). To guaranty a stable temperature, the cuvette was placed in a chamber which was 
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temperature controlled with an external cryostat. The interface was created at 25°C and left for 
equilibration. After the interface rheology experiments were performed at this temperature, the 
same drop was used for the other temperature steps. During the heating procedure, small volume 
corrections were made to reduce the effect of thermal expansion of the liquid. At each temperature 
step the temperature was allowed to stabilize for 30-45 min. The mean value of results obtained 
with the 6 permutations of amplitude and frequency was used in this study, as no amplitude or 
frequency dependant trend was observed in the data. 
Droplet size distributions of the emulsions were obtained from measurements with an FPIA-3000s 
(Sysmex) equipped with a 20 times magnification lens. The o/w-emulsion were diluted with water 
and injected into the apparatus. The standard “sheath liquid” supplied by the manufacturer was 
used as eluent. Pictures of the droplets were analyzed with the software package supplied by the 
manufacturer. To avoid any distortions of the measurement results by densely packed drops or 
agglomerates, only spherical drops were taken into account. The drop diameter is calculated as the 
diameter of a circle with the same cross section area as the detected drop (Circle Equivalent 
Diameter (CE)). We use the number weighted CE mean drop diameter to compare the drop sizes 
of the emulsions.  
3.3.4 Results and Discussion 
As described in the experimental section, the reaction product was fractionated such that three 
different components can be discussed: the synthesis raw product (component A), the supernatant 
(component B) and the microgel (component C) as schematically shown in Figure 24. 
1-octanol/water emulsions, stabilized with the synthesis product (component A), the separated 
supernatant (component B) and the cleaned microgel (component C) are presented in Figure 27. 
The differences in the appearance of the emulsions are obvious. While the emulsion stabilized with 
the raw product of the microgel synthesis (A) is stable at room temperature, the emulsion 
stabilized with the separated supernatant (B) is creaming. Emulsion “C” with the purified microgel 
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is not stable. It shows an excess oil layer directly after preparation and decomposed completely 
within a day. All emulsions can be diluted with water, thus they are of the oil in water type. The 
CE mean droplet diameter of the octanol / water emulsions stabilized with component A and B 
was 4.5 and 4.2 µm, respectively.  
Obviously, the emulsion properties depend on the component used to stabilize it. In the following, 
we will discuss the properties of the three components focusing first on the monomer composition 
of the separated components B and C, which might be different from the monomer feed during 
synthesis. The raw product component A can be considered to have the same overall composition 
as the reaction mixture, as the synthesis was performed in a closed vessel. 
From the titration data displayed in Figure 25 the mass content of methacrylic acid in the polymer 
component B was determined to be 10.7 m%. Figure 26 shows the conductometric and the 
Figure 25. Conductometric and pH titration of 0.1006 
g of supernatant (Component B). 
 
Figure 26. Conductometric titration of 0.3524 g of 
microgel (Component C). 
 
 
Figure 27. Octanol / water emulsions (immediately after preparation) stabilized with synthesis product (A), 
the supernatant (B) and the purified microgel (C). The pH of all emulsions is ~9. 
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potentiometric titration of component C. Note that the amount of microgel used in the titration is 
more than 3 times bigger than the amount in the titrations of sample “B”. The corresponding 
amount of methacrylic acid in the microgel (component C) is 0.88 m%. 
The titration results show that the MAA is mainly incorporated in component B which is separated 
from the microgel during the centrifugation process. A reason for these findings might be that 
insolubility of the polymer chains is one of the requirements for the incorporation in the microgel, 
as mentioned in the introduction. The deprotonated MAA monomers are increasing the solubility 
of the polymer chains and thus do not precipitate on the seed particles. Therefore they are left 
behind as independent polymer chains with a high MAA contend. A pH of 10, as applied in this 
reaction, is obviously not suitable for the synthesis of a PNIPAM-co-MAA microgel with a high 
MAA content.  
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Figure 28. T and pH dependency of the hydrodynamic 
radius of the raw reaction product (component A) as 
determined by DLS (Nano ZS). 
 
Figure 29. pH-dependency of the zeta potential of the 
raw reaction product (component A) as a function of 
temperature. 
The hydrodynamic radius determined for particles in the synthesis product (A) decreases with 
temperature. At 25°C the hydrodynamic radius at pH 7 and 9 is about 15 – 20 nm bigger than at 
acidic conditions (see Figure 28 and Figure 29). Above the VPTT the difference increases to about 
30 nm indicating a smaller relative change in radius for basic as compared to acidic conditions. At 
pH 3, aggregation occurred at T>VPTT (as indicated by the arrow). The particle sizes are in 
remarkable good agreement with the values published by Ngai et al. (approximately Rh (25 °C, pH 
9.4): 120 nm; Rh (50°C, pH 9.4): 75 nm 49).  
The results of zeta potential measurements also depend on pH and temperature of the system. 
Samples at pH 3.0 and at 4.6 have zeta potentials of approximately zero mV at T<VPTT. At higher 
temperatures the absolute zeta potential increases because the charged groups become more 
accessible due to shrinkage of the microgel.3 These groups can only be strong acids, because weak 
organic acids e.g. carboxylic acids are protonated at this pH value. The strongly acidic groups 
originate from the initiator potassium persulphate (KPS). Apparently the SO4- groups are hidden 
inside the microgel at low temperature but become accessible for zeta potential measurements at 
T>VPTT, leading to an increase of the zeta potential.40 Higher pH values are resulting in an 
increase of the zeta potential at low temperatures. Similar to the measurements at low pH, the 
samples at pH 7.0 and 8.9 show an increase in the magnitude of the zeta potential with 
temperature. 
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Figure 30. T-dependency of the hydrodynamic radius 
for the supernatant (component B) at different pH –
values (Nano ZS). 
 
Figure 31. T-dependency of the zeta potential for the 
supernatant (component B) at different pH-values. 
The influence of pH on the hydrodynamic radius of the low molar mass polymers (component B) 
is shown in Figure 30. At T<VPTT Rh is about 70 nm at pH 3.0 and app. 95-100 nm at pH 8.9. 
This difference can be explained by the increasing osmotic pressure as the carboxylic acid groups 
are deprotonated with increasing pH. The particle size stays between 70 and 100 nm independent 
of pH until a temperature of 30 – 34°C is reached. At this point the size increases by a factor of ca. 
2. It is worth noting that the transition temperature seems to be shifted to lower temperatures with 
lower pH. Further increase of temperature leads to a decrease of size for all samples except of the 
experiment at pH 3. This increase in size around the VPTT of this material in water was 
reproduced several times with different measurement setups and can be explained with the help of 
zeta potential measurements (see Figure 31). Note that the data for size and zeta potential are 
recorded successively from the same sample at each temperature. From Figure 30 we conclude that 
the small particles in the supernatant are not able to stabilize themselves above the VPTT. The 
only source of stabilization is coulomb repulsion, as they lose the steric stabilization at high 
temperature. The coulomb repulsion depends on the degree of de-protonation and thus on pH of 
the system, as the polymer in the supernatant contains a very high amount of MAA (compare 
results from the pH-titration). From size and zeta potential data one can conclude that as soon as 
the steric stabilization of the particles is lost (T>VPTT), the particles aggregate and form bigger 
assemblies that are finally stable again when the zeta potential increases. 
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The hydrodynamic radius of the purified microgel (component C) is independent of scattering 
angle at pH 3. This behavior changes under basic conditions (Figure 32 and Figure 33). The larger 
particle size at a scattering angle of 40° indicates the formation of agglomerates at higher pH. This 
aggregation is probably salt induced as the low surface charge (see zeta potential and Titration) is 
shielded by the salt that is created during pH adjustment. Figure 34 shows the development of zeta 
potential with temperature of the microgels (component C) at different pH values. At T<VPTT the 
zeta potential is nearly zero for all three samples. This is in good agreement with the results of the 
titration. For T>VPTT the zeta potential becomes strongly negative. As mentioned above, charges 
generated by the starter groups contribute more to the surface potential when the particle shrinks 
but do not affect the surface potential when the particle is swollen. The dispersion of the zeta 
 
Figure 34. Temperature dependence of the zeta potential of component C with respect to pH. 
 
Figure 32. T-dependence of the hydrodynamic radius 
of component C under acidic conditions. 
 
Figure 33. T-dependence of the hydrodynamic radius 
of component C under basic conditions. 
3. RESULTS and Discussion 
51 
potential values at pH 3 is due to flocculation, caused by the increasing salt concentration during 
pH adjustment. Obviously, the purified microgel is very sensitive to salt and flocculates easily. 
We will now discuss the response of the emulsions to changes of temperature and pH. We limit 
this discussion to octanol / water emulsions, in order to have a direct comparison with the data 
reported by Ngai et al.50 
The samples were annealed at 60°C for 24h, to investigate the effect temperature increase on the 
emulsions. Figure 35 and Figure 36 clearly visualize the effect of thermal treatment on the 
emulsions. An extra oil phase is formed on top of the emulsion stabilized with component A. The 
oil phase is colored, indicating that some polymer (which is labeled with MRB) and/or free label, 
which might still be present in the reaction product, are transferred to the oil phase. The bottom 
phase still contains oil droplets, but with a lower concentration than before as the color indicates.  
 
Figure 35. Emulsion stabilized with the reaction product (“A”) before (left) and after thermal treatment 
(right). 
 
Figure 36. Emulsion stabilized with low molecular weight polymer (“B”) before (left) and after thermal 
treatment (right). 
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The emulsion stabilized with the low molecular weight fraction “B” shows no visible response to 
thermal treatment (see Figure 36) in contrast to the emulsion stabilized by component A. The oil 
droplets are still creaming and no excess oil phase was observed.  
The emulsion prepared with the purified microgels (component C) was not stable even at room 
temperatures, as mentioned before. Therefore the temperature influence was not investigated with 
that emulsion. 
We now turn towards the influence of pH on emulsion stability. The emulsion stabilized by the 
reaction product (component A) became instable after addition of acid; an oil phase is formed 
immediately (see Figure 37). Complete phase separation occurred during the following days and 
the oil phase turns pink after phase separation. The emulsion stabilized by the low molar mass 
polymer of the supernatant (compound B) displays a quicker response to the pH decrease and 
phase separation occurs immediately (compare Figure 37 and Figure 38). A strongly colored oil 
phase is formed on top of a nearly clear water phase, which indicates that labeled polymer or free 
dye migrates towards the oil phase. The analogous experiment with the microgel (Component C) 
containing sample lead to an immediate decomposition and formation of a gel phase between the 
separated oil and water phases (see Figure 46 in the Supporting Information). Obviously, the 
microgels aggregate at the interface. 
 
 
 
Figure 37. Emulsion stabilized with component A before (left) and after addition of HCl. 
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Obviously, the three different components extracted from the synthesis at pH 10 have very 
different influence on the emulsions. The emulsion stability is determined by the properties of the 
interfacial layer that is formed due to polymer adsorption. Interfacial tension and viscoelastic 
properties of the interfacial layer will influence droplet stability and both can be experimentally 
studied by means of the pendant drop technique. However, investigating the octanol / water 
interface is very difficult, because of the low interfacial tension (IFT) in this system (ca. 8.5 × 10-3 
N/m)41 and the partial miscibility of these two liquids. Therefore we studied interfacial properties 
at a heptane / water interface as more reliable data can be obtained due to the higher IFT of about 
50 × 10-3 N/m.42  
The behavior of heptane / water emulsions is similar to octanol / water emulsions (results of 
heptane / water emulsions are presented in the supporting information). The only difference is a 
higher stability of the heptane / water emulsion prepared with component C at pH 9. In general, 
breaking of the emulsions after changes in temperature and pH was slower for the heptane / water 
emulsions as compared to octanol / water emulsions.  
 
Figure 38. Emulsion stabilized with component B after acid induced de-stabilization. 
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Figure 39. Dynamic interfacial tension of n-heptane / 
water interface where the component is dissolved in 
water (1m%). The pH of all samples is about 3. (The 
number of data points has been reduced for better 
visibility.) (T=25°C) 
Figure 40. Dynamic interfacial tension of n-heptane / 
water interface with components dissolved in water 
(1m%). pH between 8.8 and 9.3. (The number of data 
points has been reduced for better visibility.) 
(T=25°C) 
All three components investigated in this study reduce the interfacial tension (IFT) significantly. 
From the difference in composition of the components and the stability and sensitivity of the 
emulsions stabilized with those components we did not expect to see such a strong effect on the 
IFT under both acidic (Figure 39) and basic (Figure 40) conditions. At both pH values the IFT is 
reduced, which means that the polymers adsorb to the oil/water interface. Thus changes of the 
interfacial tension with the pH are unlikely to be the origin of the pH induced de-stabilization of 
emulsions, which was observed for emulsions with component A and B (see Figure 39 and Figure 
40). 
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Figure 41. Storage modulus G’ of the three samples 
under acidic conditions depending on temperature. 
 
Figure 42. Loss modulus G'' of component A, B and 
C und acidic conditions (pH 3 – 3.4) depending on 
temperature.  
 
Figure 43. Temperature dependant storage modulus 
G' under basic conditions (pH 8.8 – 9.3). 
 
Figure 44. Temperature dependant loss modulus G'' 
under basic conditions (pH 8.8 – 9.3). 
Viscoelastic properties of the interface might be more relevant for the stabilization as compared to 
the IFT. In this study we employ interfacial dilatation rheology to investigate the mechanical 
properties of the equilibrated interfacial polymer layer. The results of these experiments are 
displayed in Figure 41 to Figure 44. In general all samples exhibit increasing moduli as T is 
increased above the VPTT, except component C. This trend is independent from the pH of the 
sample investigated, but the effect of temperature is stronger for acidic samples. At pH 3 the high 
elastic and loss moduli of the interface covered with component B at T>VPTT are indications for a 
dense and rigid interfacial layer. This layer might be formed because of increasing inter-molecular 
or inter-particle interaction in the interface with increasing temperature; similar to what is known 
from bulk solutions of linear PNIPAM.43 This effect of temperature on G’ and G’’ is reduced at 
high pH, where the polymer chain is highly charged due to the deprotonated MAA. The resulting 
coulomb repulsion might reduce the attractive force between the polymer chains and thus an 
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interfacial layer of lower density as in the case of the uncharged polymer (at pH 3) is formed. A 
similar layer, but consisting of pure linear PNIPAM polymer, has been observed before by 
Monteux et al.36 The different density of the interfacial polymer layers at pH 3 and 9 could also be 
observed visually be the different transmission of the drops at T>VPTT. Although the 
concentration of the samples is the same, the drop covered with component B at pH 3 appears to 
be significantly darker than the drop at pH 9.  
The experiment with component A under acidic conditions could not be carried on for T > 32°C as 
the interface became very rigid. We attribute that to a flocculation of the adsorbed particles within 
the interface. At pH 9 component A shows a change of G’ and G’’ with temperature similar to the 
change observed with component B.  
Compared to the experimental results of the interface covered with component B, the interfacial 
layer of component C is less elastic at higher temperature. This explains why changes in 
temperature affect emulsions stabilized with component C, but hardly effect emulsions stabilized 
with component B. Emulsions stabilized with component B become much more elastic as 
temperature increases (at pH 9). Consequently colliding oil drops within the emulsion are repelled 
by strong elastic interactions as well as by the coulomb repulsion of the charged polymer. 
Interfaces covered with component C do not show such high elasticity, and the emulsions prepared 
with component C are less stable at higher temperature than those prepared with component B. 
Therefore we conclude that the visco-elastic properties of the interface are playing an important 
role in the stabilization of emulsions with soft colloidal polymers, like PNIPAM-co-MAA. A 
detailed discussion of the absolute values is beyond the scope of this work. This will be 
reconsidered in the future. 
The experimental data discussed above reveal that the raw product of a microgel synthesis at pH 
10 (component A) does lead to stable emulsions. The droplets, however, are not solely microgel 
stabilized as component A also includes low molecular weight polymer. The microgel does not 
have sufficient methacrylic acid (MAA) content in order to stabilize octanol / water emulsions on 
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its own (instable samples with component C). Heptane / water emulsions are fairly stable, but 
those emulsions are not pH sensitive. The emulsions stabilized with component B also showed that 
pH-sensitive emulsions can be achieved by the incorporation of MAA in the stabilizing agent. But 
those emulsions lose their temperature sensitivity, if the MAA content of the stabilizing agent is 
too high. An emulsion stabilized with a combination of component B and C (equivalent to 
component A) shows pH and temperature sensitivity.  
We therefore prepared a different microgel in a synthesis at a low pH of ca. 3. After the cleaning 
procedure, this microgel contains about 6.0 m% of MAA (conductometric titration see supporting 
information). The particles have a hydrodynamic radius of 490 nm (25°C). Their zeta potential is 
about -1 mV at pH 3 and -10 mV at pH 9 (see supporting information). 
Four emulsions with oils of different polarity stabilized with this microgel where prepared and 
show that microgels that contain methacrylic acid are able to stabilize various kinds of emulsions 
(IFT pure water / x; x: 1-octanol: 8.5 × 10-3 N/m; 2-hexyl-1-decanol: 24.3 × 10-3 N/m; toluene: 
35.7 × 10-3 N/m; n-heptane: 50.7 × 10-3 N/m). 
As shown in Figure 45 all emulsions are stable, but show some creaming independent from the 
type of oil used. The creamed droplets can be redispersed by week agitation. The data clearly 
demonstrates that emulsions can be stabilized solely by PNIPAM-co-MAA. Finally we want to 
note that emulsions stabilized with PNIPAM-co-MAA microgels are thermo- and pH sensitive. 
The degree of sensitivity depends on the polarity of the oil that is emulsified. However, this is a 
 
Figure 45. Emulsions stabilized with PNIPAM-co-MAA(pH3) one day after preparation (oils from left to 
right: 1-octanol, 2-hexyl-1-decanol, toluene, n-heptane). PH of the emulsions is 8 – 9. 
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comprehensive topic, thus the sensitivity of those emulsions will be described in a paper which is 
currently under preparation.  
3.3.5 Conclusions 
PNIPAM-co-MAA microgels have been prepared at pH 10 and pH 3. The reaction product of the 
first reaction was separated in three different fractions, the raw product (component A), the 
collected supernatant (component B) and the purified microgel (component C) and characterized. 
It turned out that the microgels in component C do not contain a significant amount of methacrylic 
acid. MAA is mainly incorporated in the low molecular weight fraction (component B), as shown 
by titration. We attribute this distribution of MAA to the pH adjustment prior the microgel 
synthesis. Cleaned microgels synthesized by this reaction protocol are nearly insensitive to pH. For 
the emulsions prepared with the three different fractions we conclude: 
1.) 1-octanol/water emulsions can be stabilized by the raw reaction product (Component A), as in 
agreement with the results by Ngai et al. The emulsions are both temperature and pH sensitive. 
2.) The low molecular weight fraction (component B) can also be utilized to stabilize emulsions. 
These emulsions were nearly insensitive to temperature, but strongly sensitive to changes in the 
pH. Obviously, the effect of lower hydrophilicity of the polymer due to fewer charges at pH 3 and 
the changes in visco-elastic properties by addition of acid causes the de-stabilization of the 
emulsion. 
3.) PNIPAM microgels, as obtained after centrifugation of the synthesis product (Component C), 
are not suitable for emulsion stabilization. The octanol/water emulsions phase separate after a 
short time period. Heptane / water emulsions are fairly stable over some days. The low moduli in 
interfacial rheology lead us to the assumption that the visco-elasticity of the interface is not 
sufficient to stabilize an emulsion.  
4.) We found no evidence that microgels leave the oil/water interface. The oil phase was clear in 
all experiments involving the microgel (component C). However the oil phase after pH induced 
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decomposition of the emulsion with the supernatant (component B) turned red, indication a 
migration of labeled species towards the oil phase. We did not determined in this study what is the 
labeled species that migrates to the oil phase, but it is very likely that the supernatant also contains 
free label. This non polymerized label might show some solubility in octanol and therefore this 
dye might be the origin of this coloration. 
5.) pH induced changes in the adsorption of the three components at the oil/water interface were 
not found. The components are adsorbing independent from pH of the samples, as shown by IFT 
measurements. However, the pH is affecting the visco-elastic properties of the interfaces. We 
therefore conclude the visco-elasticity might play an important role in the stimuli sensitive 
stabilization of emulsions with soft colloidal particles. 
Apparently, PNIPAM-based microgels that are suitable for emulsion stabilization need to carry a 
minimum amount of charged groups. Because of the difficulties associated with the distribution of 
MAA, if the microgel is synthesized at pH 10, we synthesized a PNIPAM-co-MAA microgel at 
pH 3. By using this method we obtain a product with approximately 6 m% of MAA. This microgel 
can act as stabilizer for emulsions with oils of different polarities (see emulsions prepared with 
PNIPAM-co-MAA(pH3)). A publication in which we investigate the stabilization mechanism and 
the pH and temperature sensitive de-stabilization of PNIPAM-co-MAA stabilized emulsions is 
currently under preparation. 
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3.3.6 Supporting Information: Emulsions stabilized by stimuli-sensitive poly (N-
isopropylacrylamide)-co- methacrylic acid polymers: Microgels vs. low molecular 
weight polymers 
 
 
Figure 46: „Emulsion“ stabilized with the purified microgel (Component „C“) after HCl was added. As described in 
the paper the gel particles form a gel layer at the o/w interface that even sticks to the pH probe 
 
 
 
 
Figure 47. Temperature dependency of the hydrodynamic radius of PNIPAM-co-MAA(pH3) at scattering 
angles of 40° and 60° at pH 9 
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Figure 48. Temperature dependency of the hydrodynamic radius of PNIPAM-co-MAA(pH3) at scattering 
angles of 40° and 80° at pH 3. 
 
Figure 49. Temperature and pH-dependency of the zeta potential of PNIPAM-co-MAA(pH3). 
 
Figure 50. Conductometric and pH-titration of 0.130g of PNIPAM-co-MAA(pH3) microgel. 
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Heptane / Water emulsions 
 
 
 
 
 
Figure 53. Heptane / water emulsion stabilized with component C before (left) and after thermal treatment 
(right). (pH 8.9) The upper phase of the sample mainly consists of few big oil drops and a continuous oil 
phase, after being stored at 60 °C. Note that the oil phase is not colored at all! 
 
Figure 52. Heptane / water emulsion stabilized with component B before (left) and after thermal treatment 
(right) (pH 8.3) 
 
 
Figure 51. Heptane / water emulsion stabilized with component A before (left) and after thermal 
treatment (right). (pH 8.3). 
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All emulsions prepared with heptane / water + component A, B, and C showed creaming of oil 
droplets some minutes after preparation, as in the case of the octanol / water emulsions. The 
emulsion stabilized with component A showed weak thermo and pH sensitivity. The drop size in 
the samples seems to increase, as indicated by a more transparent upper phase. Both temperature 
and pH changes are showing an effect on the emulsion. Changes of temperature did not show any 
 
Figure 56. Heptane / water emulsion stabilized with component B before (left, pH 8.5) and after addition of 
HCl (right, pH 2.4). The emulsion decomposed in two continuous phases after a few hours. The labeled 
polymer chains seem to stay in water, as indicated by the colorless oil phase. 
 
Figure 54. Heptane / water emulsion stabilized with component A before (left, pH 8.6) and after addition of 
HCl (right, pH 2.5). The drop size seem to increase , but no continous oil phase was observed. 
 
 
Figure 55. Heptane / water emulsion stabilized by component C before (left, pH 8.8) and after addition of 
HCl (right, pH 2.2). The drop size seems to increase, but no complete breaking of the emulsion was 
observed. 
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effect on the emulsion stabilized with the low molecular weight fraction (component B). A 
decrease of pH from 8.5 to 2.4 has a rather strong effect on this emulsion. The emulsion 
decomposed in continuous water and an oil phase. Unlike in the case of octanol / water emulsions 
the oil phase is not colored, which indicated that the labeled polymers and/or the dye itself do not 
obviously migrate towards the oil phase. Heptane / water emulsions stabilized with component C 
does not show a pH- but thermo sensitivity. Although the emulsion is not decomposed completely 
after being stored in the oven at 60°C for 40h, the effect is clear. A continuous layer of oil is 
formed on top of the sample and size of the residual droplets increases to the point where the drops 
can be observed by eye.  
All emulsions investigated show the behavior we expected from the analysis of the composition 
of the three components. Component B, which contains a high amount of MAA is mainly pH 
sensitive and shows no temperature sensitivity. The purified microgel (component C) contains 
only very low amounts of MAA and is thus mainly temperature sensitive. The raw product 
(component A) shows a weak sensitivity to both stimuli, as it is a mixture of both components. 
These experiments are nice examples of a transfer of properties of the stabilizing agent to the 
emulsion. 
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3.4 Microgels as Stimuli Responsive Stabilizers for Emulsions 
One of the results of the previous chapter is that the synthesis of PNIPAM-co-MAA microgels, 
which could be used for emulsion stabilization, requires a pH well below the pKs of MAA. This 
chapter about the work on true PNIPAM-co-MAA microgels could be regarded as a 
continuation of the last chapter. This work was published prior this thesis in Langmuir 2008, 
24, 12202.. 
3.4.1 Abstract 
Thermo and pH sensitive microgels from crosslinked poly(N-isopropylacrylamide)-co-
methacrylic acid are utilized for emulsion stabilization. The pH and temperature dependant 
stability of the prepared emulsion was characterized. Stable emulsions are obtained at high pH 
and room temperature. Emulsions with polar oils, like 1-octanol, can be broken by either 
addition of acid or increase of temperature, whereas emulsions with unpolar oils do not break 
upon these stimuli. However, complete phase separation, independent of oil polarity, can be 
achieved by successive acid addition + heating. This procedure also offers a way to recover and 
recycle the microgel from the sample. Interfacial dilatational rheology data correlate with 
stimuli sensitivity of the emulsion and a strong dependence of the interfacial elastic – and loss 
moduli on pH and temperature was found. The influence of the preparation method on the type 
of emulsion is demonstrated in the last chapter of this publication. The mean droplet size of the 
emulsions is characterized by means of flow particle image analysis. The type of emulsion 
(water in oil or oil in water) depends on the preparation technique as well as on the microgel 
content. Emulsification with high shear rates allows preparation of both w/o and o/w emulsions, 
whereas with low shear rates o/w-emulsions are the preferred type. The emulsions are stable at 
high pH and low temperature, but instable at low pH and high temperature. Therefore we 
conclude that poly(N-isopropylacrylamide)-co-methacrylic acid microgels can be used as 
stimuli-sensitive stabilizers for emulsions. This offers a new and unique way to control 
emulsion stability. 
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3.4.2 Introduction 
Particle stabilized emulsions, so called Pickering emulsions have been studied extensively for 
more than a century. 1 , 2  Adsorption of particles to an oil/water interface is effectively 
irreversible for big particles (d >> 10nm).3,4 The packing density of particles at the interface can 
be as high as > 80 % of maximum packing. For low molecular weight surfactants the type of 
emulsion is determined by the surfactant’s solubility (Bancroft-rule).5 Unlike those emulsions, 
Pickering emulsions can be of water in oil (w/o) and of oil in water (o/w) type depending on the 
oil/water ratio of the emulsion. The oil to water-volume ratio, at which the transition from w/o 
to o/w type occurs, depends on the particles hydrophilicity. 6  Pickering emulsions are very 
stable, due to steric and electrostatic repulsion of the oil droplets and viscoelastic stabilization 
by the particle layer at the interfaces.7,8,9 The high stability makes breaking of emulsions very 
difficult, causing problems in processes e.g. fuel production, oil transport. In those processes 
Pickering emulsions are often formed unintentionally and have to be demulsified to obtain high 
quality products.10  
Many attempts have been made to obtain particles which can be removed easily from the 
interface. 11,12,13 The concept is that modifications of particle charge by e.g. pH-changes lead to 
a stimulus dependant change in the particle’s hydrophilicity, resulting in phase inversion or 
breaking of the emulsion.6,14,15 Polystyrene particles with amine polymer grafted surfaces have 
been used by Armes and co-workers to study the influence of hydrophilicity and charge of the 
stabilizing particles on the stability and type of hexadecane-water emulsions.16,17  
Rather new fields of research are emulsions stabilized with stimuli-responsive microgels. Soft 
gel particles like microgels are widely used for a variety of applications.18,19 The advantage of 
this kind of stabilizer is that microgels are easy to synthesize compared to hybrid particles like 
surface modified latexes or other inorganic / polymer hybrid particles. 
Some examples of the utilization of those particles for emulsion stabilization can be found in 
current literature.11,20,21 An adsorption of microgels at oil/water interfaces and a sensitivity 
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towards temperature changes was observed by Koh et al.21 They investigated emulsions 
stabilized with poly (N-isopropylacrylamide-co-poly(ethylenglycol)methacrylate) microgels by 
small angle neutron scattering (SANS) and focused on the thermal induced gelation of emulsion 
droplets. They demonstrated that microgels agglomerate at elevated temperature leading to 
gelation of emulsion droplets. Fujii et al. reported on poly(4-vinylpyridine)/silica (P4VP/SiO2) 
nano-composite particles for emulsion stabilization.11 They concluded from their experiments 
that stable emulsions are obtained at pH 8 due to adsorption of the particles to the o/w interface 
while at pH 2 the particles desorb and the emulsion becomes unstable. Additionally, they 
showed that preparation of both o/w and w/o emulsions is possible with this kind of particles. 
Ngai et al. demonstrated that the product of a radical suspension polymerization of N-
isopropylacrylamide (NIPAM), methacrylic acid (MAA) and crosslinker can be utilized for pH- 
and thermo-sensitive stabilization of emulsions.20 In a recent study we could show that the 
stabilizing agent for their emulsions was a mixture of PNIPAM microgels and weakly 
crosslinked, low molecular weight PNIPAM-co-MAA polymer and that the stabilizing effect 
originates from a synergy of both components.22 We did also show that PNIPAM-co-MAA 
microgels, which were synthesized by a modified procedure and contained about 6 m% MAA, 
can be utilized to stabilize emulsions.  
PNIPAM microgels exhibit strong temperature sensitivity in water. Below the Volume Phase 
Transition Temperature (VPTT), ca. 32 °C, PNIPAM microgels are highly swollen by solvent. 
The ability of pure PNIPAM microgels and PNIPAM grafted poly(styrene) to act as 
temperature sensitive stabilizers for emulsions (preferable oil in water emulsions) has been 
demonstrated recently by Tsuji and Kawaguchi.23 The functionality of PNIPAM microgels can 
be extended for example by co-polymerization with acrylic- or methacrylic acid (MAA), 
leading to pH- and temperature- sensitive microgels. 24 , 25  The preparation of microgels 
containing magnetic nanoparticles like Fe3O4 particles leads to magnetic microgels that can be 
heated inductively.26,27 We found that it is possible to transfer the functionality of the magnetic 
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microgels to emulsions prepared with these microgels. 28  Inductive heating thus leads to 
flocculation and decomposition of these emulsions.  
Although PNIPAM-co-MAA microgels are well described in literature,29 ,30 , 31  very little is 
known about their interfacial behavior. Interfacial mechanical properties, such as interfacial 
elasticity and viscosity, play an important role in many applications.32 Although knowledge of 
surface and interfacial rheology is important for emulsification, not too many publications are 
dealing with this topic, due to the complexity of describing interfacial properties. Consequently, 
characterization of the entire interfacial properties is beyond the capabilities of one single 
characterization method.33 The method we apply here is the interfacial dilatational rheology by 
video enhanced pendant drop technique equipped with an oscillation drop module. This method 
allows to determine the response of the interface to stretching forces, yielding in elastic (G’) 
and loss (G’’) modulus of the interface.33 Investigations dealing with the response of interfacial 
microgel layer to shearing forces will be subject to an upcoming publication. The correlation 
between high elastic modulus (G’) and emulsion stability has been discussed in the relevant 
literature.34,35,36,37 It was found that high elasticity (G’) and low loss modulus (G’’) of an 
interfacial layer promotes emulsion stability.38,39 
In this publication we will demonstrate the stability and, if desired, effective breaking of 
PNIPAM-co-MAA microgel stabilized emulsions. The elastic and loss modulus of the 
interfacial microgel layer will be investigated by interfacial dilatational rheology, and a 
mechanism for the stimuli sensitivity of the emulsion stabilization will be discussed. Finally we 
will discuss the influence of emulsion composition (microgel/water/oil-ratio) on the type and on 
the stability of the emulsions. 
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3.4.3 Experimental Section 
Material: N-isopropylacrylamide (NIPAM) (> 99.0%) was purchased from Acros Chemicals, 
methacrylic acid (MAA) (> 99.0%) was purchased from ABCR-GmbH, the crosslinker N, N’-
methylene-bisacrylamide (BIS) (> 99.5%), the starter potassium peroxodisufate (KPS) (99.0%), 
1-Octanol (> 99%) and n-heptane (> 99%) were purchased from Merck. Toluene (> 99.7%) was 
purchased from KMF Laborchemie, Germany. The fluorescent label methacryloxyethyl 
thiocarbamoylrhodamine B (MRB) was purchased from Polysciences Inc. All monomers and 
oils were used as received. Water for all purposes was doubly-distilled Milli-Q-water. 
Synthesis of the microgel. Water, in a three neck flask, was heated to 70 °C and purged with 
N2 for 1h to remove dissolved oxygen. The monomers, NIPAM, MAA, BIS and the label MRB, 
were dissolved in degassed water and added in the flask. Then the KPS, which was dissolved in 
degassed water, was added to the monomer solution. The overhead stirrer was set to a speed of 
350 rpm. After 5 h the reaction mixture was cooled down to room temperature under constant 
stirring. After filtration through glaswool the mixture was centrifuged at 50.000 rpm (equivalent 
to 180.674 × g at average rotor radius and 254.117 × g at maximum radius) for 40 min. and 
redispersed in doubly-distilled water, 3 times. After these cleaning steps the microgels were 
freeze dried. The microgels were redispersed in doubly-distilled water for 4-5 days prior use in 
experiments. 
3.4.3.1 Characterization of the PNIPAM-co-MAA microgel.  
The mass content of methacrylic acid (MAA) was determined by a combined pH and 
conductometric titration. A known mass of microgel was redispersed in water for 3 days, an 
excess of HCl was added and the sample was titrated with NaOH under N2. The titration was 
performed with a Metrohm Autotitrator. Conductivity and pH were recorded after becoming 
stationary. Zeta potential measurements were performed at a NANO ZS equipped with a MPT-
2 autotitrator (both Malvern Instruments, UK). Zeta potential is calculated from the measured 
electrophoretic mobility using the Smoluchowski equations. The microgel solution was diluted 
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to avoid multiple scattering. No extra salt was added, apart from the salt produced by pH 
adjustment. The voltage applied for the measurement in the disposal flow cell was 150V. The 
measurement of a Zeta potential of soft and porous particles is subject to an ongoing discussion. 
Although a mathematical model for this problem was developed by Ohshima40, its application 
to microgels is not completed, yet.41,42  In this publication we will discuss the results of the 
electrophoretic mobility measurements in terms of the zeta potential, as most readers might be 
more familiar with that term. Electrophoretic mobility values can be recalculated via the 
Smoluchowski equations. The hydrodynamic radius (Rh) was determined by dynamic light 
scattering (DLS) which was conducted with an ALV-5000 DLS-setup at a wavelength of 632.8 
nm. The samples were prepared in a flow box and filtered through syringe filters to avoid 
contamination by dust. Where pH-adjustment was necessary the pH was adjusted with diluted 
HCl and NaOH and measured by a Metrohm 744 pH-Meter equipped with a Biotrode pH-
probe. The hydrodynamic radius was derived from diffusion coefficient via cumulant analysis. 
Interfacial tension (IFT) measurements have been carried out on a DSA100 (Krüss GmbH, 
Hamburg, Germany) equipped with a pendant drop module. A needle with a diameter of 1.830 
× 10-3 m was used to create the drop, and as a reference length for the picture analysis. The 
picture analysis was done with the help of the Drop Shape Analysis program supplied by the 
manufacturer. Resulting IFT values were recorded from the live picture with about 1 reading 
every 1-2 s. For interfacial dilatational rheology we apply a video enhanced pendant drop 
equipped with an oscillation drop module (DSA100 + ODM, Krüss, Germany).43 After creating 
the drop, the o/w interface was allowed to equilibrate (45 – 60 min.). The drop volume was 
changed by the oscillation drop module by a sine function with a period of 2.5 and 5.0 s. The 
deformation of the interface area was about 1.5 and 3.5 %. G’ and G’’ are derived from the 
recorded values by “Lucassan” Analysis with the program package supplied by the 
manufacturer (mathematical details of this method can be found in References 44 and 45). The 
measurement was performed with all four permutations of period and deformation. As no trend 
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depending on either amplitude or deformation could be found, we limit the discussion here to 
the mean values of G’ and G’’. Because of the thermo sensitivity of the PNIPAM-co-MAA 
microgels, all IFT and interfacial rheology experiments were performed in a temperature 
controlled chamber. 
3.4.3.2 Preparation of the emulsion.  
Two different methods of emulsion preparation were applied in this study. As long as not stated 
otherwise, the oil/water ratio in the emulsions was 40/60. A) Oil and microgel in water at a pH 
between 8 and 10 were added together. The mixing was done with an ULTRA TURRAX T-25 
with a 10 mm head at a speed of around 8.000 rpm for 1 min. B) Secondly, we prepared 
emulsions by shaking at a vortex stirrer (lab dancer, VWR International GmbH) at 2800 rpm for 
10 s. As the droplet size distribution might change directly after preparation due to coagulation 
of not sufficiently stabilized droplets, the emulsions were left to equilibrate at a Staudinger 
wheel for at least 3 days before being characterized (description of a Staudinger wheel can be 
found in the next chapter (Figure 69) ).  
3.4.3.3 Characterization of emulsions.  
The size distribution of the emulsion droplets was characterized with an FPIA-3000 (Sysmex, 
Japan) equipped with a 20 times magnification lens. The sheath flow liquid supplied by the 
manufacturer was used as an eluent. This liquid consists of water, NaCl, surfactant, tris-buffer 
and EDTA. The result of the measurement is given as the diameter, equivalent to a circle with 
same cross section (CE-diameter). The type of the emulsions was determined by dilution tests 
with water and the oil and, where necessary by addition of an oil soluble dye (Sudan blue) and 
characterization with an optical microscope. 
3.4.4 Result and Discussion 
As PNIPAM-co-MAA microgels can act as stabilizers for emulsions22, we will now investigate 
the stimuli sensitivity of those emulsions and the properties of the interfacial microgel layer. It 
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is 
important to note again that low molecular byproducts of the synthesis have been separated 
from the microgels by ultracentrifugation prior usage. The role of the byproduct on the 
stabilization of emulsions has been discussed in an earlier publication.22 The MAA content of 
the used microgels is about 6 m%, according to conductometric titration. The hydrodynamic 
radius (Rh) of the microgels at 20°C is about 500 nm. The zeta potential is pH dependent, at pH 
3 the zeta potential is -1 mV, whereas at pH 9 the value is about -10 mV, because the 
carboxylic acid groups are deprotonated, and thus negatively charged at pH 9. With increasing 
temperature the negative zeta potential of the microgels becomes higher in magnitude. The 
detailed characterization of the microgel used in this study is included in the supporting 
information (Figure 67 and Figure 66). 
The sensitivity of microgel stabilized emulsions to external stimuli depends on the polarity of 
the oil that is emulsified. High sensitivity is observed for oils with higher polarity (e.g. octanol 
(Figure 57)), while emulsions made from oils of low polarity, like heptane (Figure 58) and 
toluene (shown in supporting information), are weakly affected by changes of pH and 
temperature.  
 
 
 
Figure 57. Octanol/water emulsions after preparation (middle). The emulsion decomposes after addition of 
acid (left). Decomposition is also observed after heating well above the VPTT (right). 
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The emulsions prepared with the polar oil, octanol, and the unpolar oil, heptane, are depicted in 
the middle panels in Figure 57 and Figure 58, respectively. Although both emulsions were 
prepared under the same conditions, the heptane/water emulsion shows stronger creaming, 
compared to the octanol/water emulsion. The creaming in the case of the heptane/water 
emulsion is fully reversible by agitation. The octanol /water emulsion is of both emulsion types 
during the first couple of days after preparation. The upper phase consists of a w/o emulsion 
whereas the lower phase is an o/w emulsion. After a number of days the w/o emulsion fraction 
decomposes and the o/w phase remains. This phenomenon has only been observed with octanol 
as the oil. This fact and of course the higher density of octanol (0.822 g/cm³) compared to 
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Figure 59. Cumulative droplet size distribution of heptane/water emulsions and the influence of addition of 
acid or increasing the temperature on the droplet size distribution. 
 
Figure 58. Heptane/water emulsion after preparation (middle). No breaking of the emulsion was observed after 
addition of acid (left) or heating (right). 
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heptane (0.680 g/cm³) slows down the creaming of the octanol containing emulsions. 
Octanol/water emulsions can be broken by decrease of pH or heating of the sample. Separate 
water and oil phases are formed (Figure 57 after addition of acid: middle; after heat treatment: 
right). Heptane/water emulsions are less sensitive to external stimuli compared to octanol/water 
emulsions (compare Figure 57 and Figure 58). The stimulus leads to a formation of just a thin 
oil layer on top of the emulsion, even after one week. The CE mean droplet size of the 
emulsions increased after addition of acid or at T>VPTT (see Table 7 in supporting information 
chapter). The droplet size of the heptane/water emulsions increases by both addition of acid and 
heat treatment compared to the reference (see Figure 59). The cumulative distribution, depicted 
in Figure 59, indicates that in particular small droplets (d < 5 µm) disappear when acid is added 
or the temperature is increased. As heptane is not significantly water soluble, and thus Ostwald 
ripening will be slow, we conclude that those oil droplets probably coagulate and form bigger 
droplets. Note that all three emulsions where of the same age when measured. Although 
heptane/water emulsions do not break by changing the pH or increasing the temperature, their 
droplet size distribution clearly shows that the emulsions behave different depending on pH and 
temperature. Thus they may still be called stimuli responsive emulsions. 
We will now investigate the emulsion decomposition initiated by addition of acid + successive 
increase of T well above the VPTT of the microgel.  
 
Figure 60. Heptane / water emulsion after preparation at pH 9.3 (A) and decomposed sample after addition of 
acid (pH 2.8) and successive heating (T= 60°C) (frame B). The pink color originates from the fluorescent label 
(MRB) which is incorporated in the microgel. 
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The emulsions can be broken by addition of acid + successive heating, as shown in Figure 60. 
After heating, the emulsion decomposes into oil, water and a chunk of aggregated microgel 
(pink: MRB-dye labeled microgel). Oil and water can be separated and the microgel can be 
redispersed easily in doubly distilled water. Thus the microgel can be reused to stabilize a new 
emulsion. A series of 4 repeated redispersion, acid-addition and heating steps is shown in the 
supporting information (Table 6). In summary, we can conclude that emulsions stabilized with 
PNIPAM-co-MAA microgels are sensitive to pH and temperature changes. Heptane/water 
emulsions, stabilized with this microgel, are less temperature sensitive, compared to 
octanol/water emulsions, while the microgels are charged (at pH > 6) (see Figure 58). 
Heptane/water emulsions can be broken easily by temperature increase when the microgel is 
uncharged (pH < 6) (see Figure 60).  
After characterizing the macroscopic stability of the emulsions at different pH and temperature, 
we will now turn our attention towards the interfacial microgel layer itself. Microgels adsorb at 
oil/water interfaces and reduce the interfacial tension (IFT) regardless of their pH. The results 
of the dynamic IFT measurements presented in Figure 61 also show that fairly long time scales 
are required to reach equilibrium. The equilibrium interfacial tension is lower than the 
interfacial tension usually observed at solid particle covered interfaces, where either an 
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Figure 61. Dynamic interfacial tension of heptane / water + PNIPAM-co-MAA microgel at pH 3 and pH 9 
as measured with the pendant drop setup. 
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increase46 or a weak decrease47 of interfacial tension is observed. The unusual high efficiency 
of PNIPAM microgels in lowering air/water surface tension (from ~74 × 10-3 N/m to 40-45 × 
10-3 N/m) has been reported before, and similarities between water / air and oil / water 
interfaces are likely.48,49,50 The behavior of the microgels at oil/water interfaces seems to differ 
from the interfacial activity of solid particles. It is not unlikely for such soft and porous 
microgels to rearrange their structure in the interface or even being deformed by the interface. 
The spherical microgels may be stretched within the interface and thus become lens-like, 
leading to more efficient particle adsorption.51 The crosslink density of a microgel is known to 
decreasing with increasing radius, resulting in dangling chains at the particle surface.52,53,54 
These chains might further reduce the IFT. However when discussing the stimuli sensitive 
stabilization of emulsions by microgels, the most significant result of this measurement is the 
fact that microgels at pH 3 are more effective in reducing IFT than microgels at pH 9. This is 
remarkable as reduced interfacial activity of PNIPAM-co-MAA microgels at pH 3 was 
suggested as a possible reason for de-stabilization of emulsions, before.20 As this is obviously 
not the case, we will now discuss the results from interfacial rheology measurements on 
heptane / water interfaces covered with microgels, giving insights in the mechanical stability of 
the interfacial microgel layer. 
The interfacial layer consisting of PNIPAM-co-MAA microgels appears to be highly elastic at 
room temperature and at pH > 5. At pH < 5 the elasticity of the interfacial layer is significantly 
decreased (see Figure 62). The transition from a highly elastic interface to an interfacial layer 
with lower elasticity occurs at a pH between 4 and 6. This pH-range is also the onset of 
protonation of the carboxylic acid functions in these microgels,22 which indicates a correlation 
of MAA charges and G’.  
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Not only decrease of pH but also an increase of temperature alters the elasticity of the interface 
(Figure 62). G’ of all samples decreases with temperature. The value of G’ at a pH of 9 is 
decreased from about 5.5 × 10-3 N/m to about 4.4 × 10-3 N/m. A microgel layer at pH 3 shows a 
decay in the value of G’ from 3.2 × 10-3 N/m to about 2.1 × 10-3 N/m at 40°C. This decrease 
may be attributed to the increased rate of rearrangement within the interface due to increased 
temperature, and, even more likely, to changes in the microgel-microgel interaction due to 
reduced hydrophilicity of PNIPAM at elevated temperatures.  
The loss modulus (G’’), representing the energy that is dissipated by heat as the interface is 
deformed, is low for all four pH values (< 0.5 × 10-3 N/m), when investigated at room 
temperature (see Figure 63). G’’ is nearly independent of temperature for an interfacial 
microgel layer at pH values between 4 and 9. For microgels at pH 3, G’’ strongly depends on 
the temperature. When reaching temperatures above the VPTT (app. 32 °C) of the microgel the 
value of G’’ increases drastically from about 0.3 × 10-3 N/m (32 °C) to 1.4 × 10-3 N/m (40 °C). 
All these findings correspond well with the macroscopic appearance of the emulsions and their 
stability. Emulsions stabilized by PNIPAM-co-MAA microgels are stable at high pH and low 
temperature (highly elastic interface), stability is lower at high temperature (G’↓ with T↑) or 
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Figure 62. Temperature dependant elastic modulus (G’) of a microgel covered heptane/water interface. The 
error bars are representing the standard deviation (the lines are to guide the eye). 
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when adding acid (G’↓ with pH↓). The strongest de-stabilization is observed when the 
temperature is increased after acid was added (G’↓↓ and G’’ ↑↑ with pH↓ + T↑).  
Next we investigate the effect of microgel concentration in the aqueous phase and of oil/water 
ratio on the type of emulsions.  
 
 
Figure 64. Microgel stabilized heptane / water emulsions stabilized prepared with an Ultra Turrax. The 
number indicates the volume fraction of the aqueous phase (containing microgel + water) in the emulsion, 
as prepared. The mass fraction of microgel in water is 1m%. 
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Figure 63. Temperature dependent loss modulus G'' of a microgel covered heptane/water interface. The 
error bars are representing the standard deviation. (the lines are there to guide the eye). 
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We could obtain stable emulsions with heptane/water+microgel over a range of volume 
fractions when the emulsions are prepared with an Ultra Turrax (UT) (see Figure 64). The 
heptane emulsion series shows a switch from w/o to o/w emulsions between 40 to 50 vol% of 
aqueous phase. Below 50 vol% the UT-prepared emulsions are of w/o type, above of o/w type. 
The corresponding series with octanol is displayed in the supporting information. Octanol/water 
emulsions appear to be similar to the heptane/water series described above. Only the w/o-o/w 
transition is shifted to higher volume fractions of water. 
The mean droplet size and the type of emulsions depend on the volume fraction of the aqueous 
phase and the amount of microgel, for samples prepared by Ultra Turrax (Table 5) and with the 
Staudinger Wheel procedure (Table 4). The higher the mass content of microgel in water, the 
broader the range of volume ratios where stable emulsions can be obtained. Table 5 depicts 
stability, type of emulsion and droplet size of the emulsions prepared with the Ultra Turrax. 
Their CE mean droplet diameter decreases with increasing amount of microgel. The emulsion 
  Vol% of microgel solution 
20 30 40 50 60 70 80 
c(m
ic
ro
ge
l) 
[m
%
] 0.1 x x x x x x x 
0.5 w/o w/o 9.8 7.5 7.9 10.1 11.0 
1.0 w/o w/o w/o 3.4 4.8 5.1 3.0 
Table 5. Mean droplet size and type of heptane/water emulsions prepared by Ultra Turrax. 
The pH of all emulsions is 8-9. Most emulsions are of o/w type. “X” indicates that no 
evidence for any stabilization has been observed. The w/o emulsions are stable, but their 
droplet size could not be determined due to strong droplet aggregation. 
 Vol% of microgel solution 
20 30 40 50 60 70 80 
c(m
ic
ro
ge
l) 
[m
%
] 
0.1 x x x     
0.3 x x x  2.7 2.2 2.3 
0.5 x x w/o 5.9 4.0 8.7 9.7 
0.7  w/o 6.7 9.1 10.1 8.3 8.5 
1.0 x 4.5 11.1 7.6 5.7 6.8 6.4 
 
Table 4. Mean drop size and type of heptane / water emulsions prepared by the Staudinger 
wheel-method. The pH of all emulsions is 8-9. Most emulsions are of o/w type. Striped cells 
indicate that strongly aggregated droplets are formed within the sample (probably water in oil). 
“X” indicates that no evidence for any stabilization has been observed. 
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type changes from w/o to o/w between 30 and 50 vol% microgel solution. In all cases where we 
found w/o emulsions, we observed a strong tendency of the water droplets to aggregate. After a 
short period without agitation they form a highly viscous aggregate of droplets which can 
hardly be redispersed. Consequently those emulsions are highly sensitive to mechanical stress 
and breake easily upon agitation. If we compare the emulsions prepared by Ultra Turrax to the 
emulsions prepared by shaking on a Staudinger Wheel, we find that just two fairly stable water 
in oil emulsions could be identified for the emulsions prepared with the Staudinger Wheel 
compared to five w/o emulsions when prepared with the Ultra Turrax. The six samples which 
are labeled as aggregated droplets are probably also water in oil emulsions, but could not be 
investigated, because of their mechanical instability. Even weak mechanical stress, like moving 
the sample, leads to phase separation. The other samples marked with “x” did not show any 
evidence for stabilization. For thermodynamic reasons the o/w to w/o transition should occur at 
equal ratio of water and oil. It is important to note that this transition occurs close to 50/50 for 
the Ultra Turrax prepared emulsions, but is strongly shifted to lower fractions of oil for the 
emulsions prepared by low energy input (Staudinger Wheel).  
Based on these results we conclude that the type of emulsions depends on the preparation 
method. Obviously the low emulsification energy of the Staudinger Wheel method favors a 
dispersion of oil in water. One possible explanation is that, because of the low energy input, the 
water phase is not splitted into small droplets which are then stabilized by microgel. The energy 
required to split the water phase into smaller droplets depends on the viscosity of the microgel 
solution, and as the concentration of microgel increases, the viscosity increases, too. The 
dispersion of the water phase in the oil phase and therefore the formation of w/o emulsions 
become less likely as the microgel concentration and thus the viscosity increases (see Table 8 in 
supporting information chapter). Low energy input from the vortex stirrer and the Staudinger 
wheel is not sufficient to disperse a highly viscous aqueous phase in oil (right part of Figure 
65). The high energy input by the Ultra Turrax however leads to a separation of both phases 
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into smaller droplets, and the viscosity effect of the microgel solution is compensated by the 
strong shear flow of the Ultra Turrax (left part of Figure 65). Thus the o/w-w/o transition of the 
emulsion type is close to 50/50 vol%. 
Emulsions with oils of different polarity, stabilized with purified poly (N-isopropylacrylamide)-
co-(methacrylic acid) microgels, have been prepared, characterized and their response to 
changes of pH or temperature has been investigated. The emulsions are stable at high pH and 
room temperature. We found that this kind of microgel gives strongly stimuli sensitive 
emulsions with oils of high polarity, but only weakly stimuli sensitive emulsions with unpolar 
oils. However, pH decrease + successive temperature increase lead to breaking of the 
emulsions, even with the most unpolar oil, n-heptane, used in this study. This method offers a 
pathway for recovering and reuse of the microgel. The emulsions which have been prepared 
with different oil/water fractions and different microgel content are showing a strong influence 
of the preparation method on the type of emulsion and on their stability. The stable o/w 
emulsions correspond to the Bancroft rule, as the microgels are dispersed in the continuous 
phase (water).4 Anti-Bancroft type emulsions (water in oil) prepared with low dispersion energy 
are not stable. High energy preparation techniques, such as the Ultra Turrax, lead to some fairly 
stable w/o emulsions, but w/o emulsions seem to require a higher amount of microgel than 
stable o/w emulsions. Interestingly, this finding is not in agreement with the theoretical 
predictions for slow particle adsorption by Kralchevsky et al.55 According to their findings 
 
Figure 65. Emulsification of a highly viscous microgel solution in oil, depending on the shear rate on the 
emulsification method. (This model only holds as long as sufficient stabilizing reagents are present in the 
emulsion for its stabilization). 
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strong agitation and thus strong hydrodynamic fluxes in the continuous phase should favor the 
formation of emulsions with particles dispersed in the continuous phase, in our case oil in 
water.55 In fact our observations show that stronger agitation (by an Ultra Turrax) lead to more 
fairly stable water in oil emulsions. But one has to keep in mind that the water in oil emulsions 
(anti-Bancroft type) have poorer long term stability than the oil in water emulsions (Bancroft 
type). Water droplets seem to aggregate strongly. All w/o emulsions are highly mechanical 
unstable and can be destroyed by agitation.  
In a previous publication we discussed the relevance of microgel composition and purification 
procedure on the ability of the microgel to stabilize emulsions.22 A purified PNIPAM microgel 
(microgel after centrifugation) with none, or very little MAA incorporated cannot be used as a 
stabilizing agent for emulsions. The amount of MAA which is incorporated depends in the 
reaction conditions. PNIPAM-co-MAA microgels as used in this study, that have been 
separated from the reaction product by ultracentrifugation, show similar properties as the 
mixture of PNIPAM microgel and PNIPAM-co-MAA low molecular polymer investigated in 
our earlier publication.22 Emulsions stabilized with the PNIPAM-co-MAA microgel used in this 
study or the mixture of PNIPAM microgel + low molecular weight PNIPAM-co-MAA polymer 
investigated in our previous study are both pH and thermo-sensitive. The pH response of the 
purified low molecular weight polymer was quicker and more pronounced than the response of 
the microgel used in this study. This is certainly due to differences in MAA content (10 m% in 
the case of the low molecular weight polymer/6 m% MAA in this microgel) and due to different 
molecular sizes. Thus, the PNIPAM-co-MAA microgel we investigate here is the first example 
of a PNIPAM based pure microgel that unites the properties for pH – and temperature-
controlled emulsion stability in the same particle. These purified microgels, if they are applied 
as stabilizers, can be used as model systems to investigate the origin of stability and stimuli-
sensitivity of emulsions, avoiding side effects by reaction byproducts.  
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3.4.5 Conclusions 
In summary we conclude that PNIPAM-co-MAA microgels can be utilized as recoverable, 
stimuli-sensitive stabilizers for oil in water emulsions, and to some extent, also for water in oil 
emulsions. The response to either pH or temperature changes depends on the polarity of the oil. 
A decrease of pH + additional heating well above the VPTT allows to break the emulsions and 
to separate oil from water. Interfacial dilatational rheology showed that at low temperature and 
high pH the interface is highly elastic and thus stabilizes the emulsion. If the coulomb repulsion 
is reduced by addition of acid, G’ is further decreased, but more important in the context of 
emulsion stability is the dramatic increase of the loss modulus G’’ at T>VPTT. The 
hydrophobicity of PNIPAM at pH 3 and at T>VPTT is not balanced by coulomb repulsion and 
thus the microgels experience a strong attractive force leading to interfacial particle 
aggregation, resulting in an interfacial layer that may break as soon as stress is applied (similar 
to what has been reported by Lefebure et al.56). The aggregation of uncharged PNIPAM-co-
MAA microgels at T>VPTT can also be observed in water, by bulk rheology. At pH 3 the 
microgels build up strong aggregates above the VPTT, resulting in a significant viscosity 
increase. Such aggregates have not been observed when the microgel is charged (pH 9). Bulk 
rheology measurements of 1 m% microgel solutions in water at pH 3 and pH 9 are given in the 
supporting information chapter (Figure 71 and Figure 72). This densification makes the 
stabilizing layer very fragile and consequently the layer will break upon mechanical stress, 
leading to de-emulsification. 
The correlation between macroscopic observations on the emulsion stability upon changes in T 
and / or pH, and the results from interfacial dilatation rheology experiments, indicates that the 
stimuli-responsive stabilization of PNIPAM-co-MAA microgels relies on the visco-elasticity of 
the interfacial microgel layer. The transition form a highly elastic to less elastic interface 
around pH 5 strongly suggests that charged MAA groups significantly contribute to the elastic 
properties of the layer. 
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Stability and type of the emulsion obviously depend on the water/oil ratio and the microgel 
concentration. Oil in water is the preferred stable type of PNIPAM-co-MAA microgel 
stabilized heptane+water emulsions which corresponds to the finding of Tsuji el al.23 for pure 
PNIPAM microgel stabilized emulsions. For PNIPAM-co-MAA microgels the type of 
emulsion, although being theoretically independent from the preparation method, seems to 
depend strongly on the applied shear rate during preparation. This should be kept in mind each 
time such experiments are interpreted. 
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3.4.6 Supporting Information “Microgels as Stimuli Responsive Stabilizers for 
Emulsions” 
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Figure 67. Particle size and zeta potential of the PNIAM-co-MAA microgel at pH 3. 
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Figure 66. Particle size and zeta potential of the PNIPAM-co-MAA microgel at pH 9. 
3. RESULTS and Discussion 
88 
 
Table 6. Recovery experiments with PNIPAM-co-MAA microgel, water and heptane. 
Run 
No. Emulsion Acid added Acid + heat 
1 
pH 9.4; φoil: 0.23 
 
 
No photo 
 
 
 
 
pH 1.9 T: 55°C 
2 
pH 9.4; φoil: 0.28 pH 2.8 T: 55°C 
3 
pH 9.3; φoil: 0.28 pH 2.8 T: 60°C 
Figure 68. Octanol / water emulsions prepared with different volume fractions of microgel solution 
(microgel+water). 
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4 
pH 8.7; φoil: 0.45 pH 2.7 T: 55°C 
 
 
 
Figure 70. Toluene/water emulsions after preparation (left), addition of acid (middle) and heating (right). 
 
Figure 69. Drawing of a Staudinger wheel as used for the sample preparation. The wheel spins with about 
20 rpm. 
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Bulk rheology of microgel solutions. The bulk rheology of aqueous microgel was measured 
using a Bohlin CVO Rheometer equipped with a 40 mm/4° cone and plate geometry and a 
Peltier plate for temperature control..  
Discussion of Figure 71 and Figure 72. As the figures above show, the microgel behaves as a 
Newtonian fluid under basic conditions (Figure 71). The primary physical differences between 
  Reference + Acid heating 
Toluene 17.1 31.0 29.0 
Heptane 7.0 8.4 8.9 
Table 7. CE-mean diameter of the toluene and heptane in water emulsions. The reference was kept 
at room temperature with unchanged pH (8-9.5). 
T=25 °C 
dyn. viscosity 
(Pa.s) 
0.1 m% 9,29E-04 
0.5 m% 1,17E-03 
0.9 m% 1,44E-03 
Table 8. Dynamic viscosity of microgel solution with different mass fractions of microgels at 25°C. 
(Data obtained by capillary viscosimetry). 
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Figure 71. Microgel bulk rheology of 1m% at pH 9 
(highly charged microgel). 
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Figure 72. Microgel bulk rheology of 1m% at pH 3 (less 
charges). 
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microgels at different temperatures are their yield stress and their viscosity. Coulomb repulsion 
between the charged microgels is sufficient to avoid agglomeration. When the carboxylic acid 
groups of the microgel are protonated (at pH 3) the microgels agglomerated at elevated 
temperature. The resulting increase in viscosity is depicted in Figure 72 (T=45°C). Those 
agglomerates can be destroyed by shear, as the decrease in viscosity with increasing shear rate 
indicates. 
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3.5 Interfacial Rheology and Trough Experiments 
Dynamic interfacial tension measurements only yield information about the adsorption of 
interfacial active ingrediences to the interface. The structure and dynamic mechanical properties 
of the created interfacial layer can only be investigated by interfacial rheology methods. A lot 
of different methods are known today. All together they can be ordered in two groups, 
interfacial shear- and dilatational rheology methods. The later one is based on the idea that a 
body, that is dragged through the interface experiences a counter force that can be measured. 
Commercially available setups are e.g. interfacial needle rheometer and bicone rheometer. In 
the needle rheometer, a magnetic needle is placed at the interface, an external magnetic field of 
known strength causes the needle to move, and the movement is detected. The second setup 
which is widely in use is the bicone rheometer. This method is usually based on commercially 
available highly sensitive lab-bench rheometers, equipped with a bicone. This bicone is placed 
at the interface and its response to torques applied by the rheometer is recorded. Although the 
bicone-geometry is a rather tough geometry which is easy to handle and not very fragile, it is 
quite heavy and its high inertia limits the measurement range in experiments. For interfacial 
layer which are not strong enough to be measured by the bicone geometry. Therefore, an 
advanced version of the commercially available ring has been developed by Vermant et al., for 
further decrease the detection limit.51 This setup is used as the method for interfacial shear 
rheology and described in more detail below. 
The second method that has been applied in this work is interfacial dilatational rheology by a 
video enhanced pendant drop setup equipped with an oscillating drop module. This setup allows 
varying the drop volume, which consequently changes the drop surface area. By doing so the 
interface is stretched and compressed. The video enhancement allows computational image 
analysis of the drop shape and the extraction of the interfacial tension (IFT).  
The following chapter gives an overview about the interfacial rheology experiments that have 
been conducted during this work and the conclusions that have been drawn out of the results. 
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This chapter will however be limited to the measurements conducted with the purified batch 
microgel. Measurements of interfacial layers of adsorbed reaction byproducts, microgel 
according to Ngai et al. and semi-batch core-shell microgels have been published elsewhere and 
are discussed in the associated chapters (3.3, 3.4, 3.8) of this work.  
3.5.1 Introduction 
Emulsions stabilized with particles, so called Pickering emulsions, are well known for more 
than a century.1,2 The particles are irreversible trapped at the o/w interface (for d >> 10nm)3,4 
and stabilize incompatible liquids, due to steric and electrostatic repulsion of the oil droplets 
and viscoelastic stabilization by the particle layer at the interfaces.5,6,7 Stabilization of foams 
and polymer blends by solid particles has also been observed.8 ,9 , 10  The complex different 
particle layer structures that are formed at water/air and oil/water interfaces have been subject 
to many studies.11,12,13 When Pickering emulsions are formed unintentionally, additional de-
emulsification steps have to be applied.14 Stabilization of emulsions by particles which can 
either be removed from the o/w interface, or which form a layer which properties can be altered 
by external stimuli is a promising approach to control emulsion stability. 15,16,17,18,19,20,21,22,23,24 
The goal is a particle system which act as an emulsion stabilizer, but can be easily destabilized 
by external stimuli. 
A rather new approach is emulsion stabilization by thermo and pH sensitive microgels, 
allowing controlled emulsion stability by changing pH and temperature. Microgels made from 
polymerized and crosslinked N-isopropylacrylamide (NIPAM) exhibits a volume phase 
transition at a temperature of 32-33°C (Volume phase transition temperature (VPTT)).25 Pure 
PNIPAM microgels and PNIPAM grafted poly(styrene) can act as temperature sensitive 
stabilizers for emulsions (preferable oil in water emulsions), as demonstrated recently by Tsuji 
and Kawaguchi.24 The functionality of microgels can be extended by copolymerization with 
other monomers e.g. methacrylic acid (MAA) for pH sensitivity. Recently the ability of 
PNIPAM-co-MAA microgels to stabilize emulsions has been adressed in earlier 
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publications.26,27 At room temperature and at pH values > 8 emulsions stabilized by PNIPAM-
co-MAA microgels are stable, whereas the pH- and temperature sensitivity of PNIPAM-co-
MAA microgels allows breaking the prepared emulsions by adding acid and increasing 
temperature above the VPTT. Although PNIPAM-co-MAA microgels are well described in 
literature, very little is known about their interfacial behavior. 28 , 29 , 30 , 31 , 32  We found that 
microgels do adsorb at an oil/water interface regardless of their pH. In fact the interfacial 
tension is reduced more effectively by microgels at pH 3 than microgels at pH 9 (note that 
emulsions are less stable at pH 3 than at pH 9 (see Chapter 3.3 and 3.4). By applying freeze 
fracturing cryogenic scanning electron microscopy we found that microgels assemble in a dense 
particle layer at the oil/water interface.33 Surprisingly, the particle layer is denser at pH 3 than at 
pH 9 (Chapter 3.6). Thus pH induced alteration of particle density at the interface does not give 
a sufficient explanation why emulsions are less stable at pH 3. If emulsion droplets would be 
stabilized by sterical repulsion, one would expect the denser particle layer to be more effective 
as stabilizer, but the sample with the denser layer forms the less stable emulsions (compare to 
Brugger et al. 33). Coulomb repulsion between the oil droplets could also be the origin of 
emulsion stabilization, but no salt sensitivity of the emulsions and only low zeta potentials of 
the emulsion droplets have been observed. 
Interfacial mechanical properties, such as interfacial elasticity and viscosity, are important for 
applications like e.g. emulsification, oil recovery and food industry. 34 , 35 , 36 , 37 , 38 , 39 , 40 
Characterization of the entire interfacial properties is beyond the capabilities of one single 
characterization method, as each method only characterizes a fraction of the complex properties 
of interfacial layers. 41  A variety of different experimental setups for interfacial rheology 
measurements is in use these days. Interfacial shear rheology can be performed by direct 
42,43,44,45
 or indirect46,47 methods. Indirect methods determine the surface velocity profile while 
direct measurements determine the momentum acting on a body that is placed directly in the 
interface. In this study we apply a direct measurements setup consisting of a commercially 
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available rheometer and a custom made ring with shapes edges. For the interfacial dilatational 
rheology we use a commercially available pendant drop setup, which is similar to the setup 
published by Miller et al..48,49  
In a previous study, we found a good correlation between the observed macroscopic stability of 
microgel stabilized emulsions and results from interfacial dilatational rheology at microgel 
covered interfaces.27 A similar correlation of dilatational elasticity and emulsion stability for 
small surfactant molecules has been observed before.50 The goal of this manuscript is a deeper 
understanding of the influence of particle charges on the mechanical properties of the 
PNIPAM-co-MAA microgel covered interface by interfacial dilatation and shear rheology. We 
will further try to understand the different results of dilatation and shear rheology, and this will 
lead us to a more comprehensive understanding of the mechanism which is responsible for 
emulsion stabilization. 
3.5.2 Experimental Procedures.  
The dilution experiment was carried out at a DSA100 (Krüss, Germany) with an video 
enhanced inverse pendant drop setup. The needle diameter, which is also used as a reference 
diameter for the extraction of the IFT value, was about 1.4 mm. The IFT value was recorded 
from the life image with the highest rate possible (usually 1-2 readings per second). However, 
the number of data points displayed in the diagrams had to be reduced for clarity. 
The interfacial shear rheology experiments have been carried out on an AR-G2, stress-
controlled rheometer (TA Instruments) equipped with so called double wall ring geometry. This 
geometry is a merge of the well known Du Noüy-ring setup which is in use for interfacial shear 
rheology and the bulk double wall Couette geometry. A detailed description of the experimental 
setup is given in ref. 51. After placing the microgel solution in the cup, the ring was lowered 
until it was touching the surface. Heptane was added carefully to avoid disturbance of the inter-
facial buildup process. Interfacial dilatational rheology has been performed on a video 
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enhanced pendant drop setup (DSA100) equipped with an oscillating drop module (ODM; both 
Krüss, Germany). A needle with a diameter of about 1.83 mm (exact needle diameter 
determined prior the experiments) was used to create the drop and as length reference for the 
picture analysis. Great care was taken that the drop shape was suitable for the picture analysis. 
The analysis and the subsequent Fourier analysis were done with the help of the software 
packages supplied by the manufacturer. The compression isotherms were recorded with a 
Langmuir-Trough which was modified for oil/water systems. The surface pressure was 
recorded by a balance equipped with a Wilhelmy-Plate. All experiments were carried out at a 
temperature of about 25°C. The cryogenic scanning electron microscopy (cryo-SEM) pictures 
were taken on a Hitachi S-4800 electron microscope equipped with a liquid nitrogen cooled 
sample preparation and transfer unit. The emulsion was created by shaking. After equilibration 
of the interface, 1 h at minimum, a drop of the emulsion was transferred in a copper tube in a 
way that an excess of emulsion forms a drop on top of the tube. The sample is frozen in liquid 
nitrogen and transferred into the cooled sample chamber (-140 °C). There, the drop on top of 
the tip is sheared away with a razor blade. The temperature in the chamber is increased to -90 
°C to sublime any water crystals from the surface of the sample and to create a clean surface. 
After about 10 min the temperature was decreased again and the sample was transferred directly 
into the microscope.  
3.5.3 Results and Discussion 
The first task in this investigation was to determine if the microgels which adsorb to the oil 
water interface could desorb again. Therefore, a drop of oil was created in an inverse pendant 
drop setup, and was allowed to equilibrate in microgel solution, which was at pH 9. The 
microgel solution was exchanged by water, afterwards. The interfacial tension (IFT) was 
recorded during the whole experiment to follow the adsorption or possible desorption of 
microgels from the o/w interface. 
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Figure 73. Procedure in dilution experiments: (1) an oil drop is equilibrated in microgel solution. (2) the aqueous 
microgel solution is carefully exchanged by water. The third step, carried out after a while is to check the dilution 
by creating a new oil drop and record the IFT. 
Figure 74. IFT Values during the dilution experiment. A heptane drop was created in microgel solution at ph 9. 
The IFT decreased to about 17 × 10-3 N/m (inlay graph in left figure). Only small variations in IFT have been 
recorded during and after the exchange of microgel solution by water (main panel in left figure). Only weak 
interfacial activity of the remaining aqueous phase is found after creating a new drop (right figure; diagram of 
equilibration of primary droplet shown for comparison).  
 The final step is to control whether the microgels where sufficiently removed from the bulk 
solution or at least sufficiently diluted. This was checked by creating a new oil drop and 
recording its IFT. The IFT should decay rather quickly, if microgels are still in the bulk 
solution, but stay high if the microgels are fully removed. 
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 The results of this experiment are depicted in Figure 74. The o/w interface was allowed to 
equilibrate in microgel solution at pH 9. The interface equilibrated at an IFT of roughly 17 × 10-
3
 N/m. The small changes in IFT (width about 0.4 × 10-3 N/m) that are recorded during the 
exchange process, the first 600 s in Figure 74 (left), and in the following hour are probably 
attributed to changes in refractive index and density of the surrounding phase in the experiment, 
and can thus be regarded as artifacts of the experimental setup. The IFT of a fresh oil drop 
decreases much slower compared to the primary drop (see  right). The weak decay of the IFT 
could be due to few residual microgels or, even more likely, due to interfacial active impurities 
in water or heptane. 
Therefore the conclusion is drawn that the IFT and consequently the layer of adsorbed 
microgels is not significantly influenced by the microgel concentration in the surrounding 
aqueous phase. The adsorption of PNIPAM-co-MAA microgels seems to be irreversible. 
Cryo-SEM pictures of heptane/water interfaces covered with PNIPAM-co-MAA microgels 
reveals significant differences in the structure of the interfacial microgel layer. Whereas 
microgel form a very dense layer at pH 3 (see Figure 75) the interfacial layer is less dense when 
the microgels are charged (pH 9, see Figure 76). The voids, visible at pH 9, are covered with 
polymer chains that are connected to the microgels. These observations have been reported 
earlier, but are shown here again to assist in the discussion of the results displayed below.33 
 
Figure 75. Cryo-SEM picture of a water/heptane 
interfacial microgel layer at pH 3. 
 
Figure 76. Cryo-SEM picture on a water/heptane 
interfacial microgel layer at pH 9. 
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From these pictures one could assume that the microgel layer at pH 9 is highly compressible 
and the entangled polymer structures will lead to elastic behavior upon expansion or shear. At 
pH 3 the packing density of the microgels is higher, even crystal-like. Such building blocks are 
likely to be rigid, as they do not have enough space for rearrangement upon applied stress. In 
this case elastic deformations play a minor role and energy is mainly dissipated as heat. Upon 
compression we expect such dense structure to be less compressible than its counterpart at pH 
9. To investigate this hypothesis we apply interfacial shear and interfacial dilatation rheology. 
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Figure 77. Strain Sweep of microgel covered 
heptane/water interface at pH 3, as measured by shear 
rheology at 0.5 Hz. 
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Figure 78. Strain Sweep of a microgel covered 
heptane/water interface at pH 9. (recorded by shear 
rheology at 0.5.Hz). 
Shear rheology measurements of the interfacial microgel layer that is formed at a heptane / 
water interface show strong dependency of the elasticity on the pH value. The microgel covered 
interface is highly elastic at pH 9, as Figure 78 shows. The values of G` and G`` are strain-
independent up to a strain of about 0.03. However, at pH 3 the interfacial layer mainly shows 
viscous flow at significant strains, as displayed in Figure 77. Visco-elastic behavior is only 
observed at the beginning of the experiment. The quick decay in G` with increasing strain 
indicates that the structure of the interfacial layer that is formed at pH 3, and the presence of 
which is evident from cryo-SEM measurements, is disturbed as soon as stress is applied. Such 
microgel covered interface, although being very densely packed, flows viscously, and does not 
resist shear stresses. This observation has been made in a number of repeated strain sweep 
experiments. The few G` values that could be detected at low strains are also lower compared to 
the G` values at pH 9.  
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Figure 79. Strain sweep of a microgel covered 
heptane/water interface as measured by dilatational 
rheology at pH 2.8. 
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Figure 80. Strain Sweep of a microgel covered 
heptane/water interface as measured by 
dilatational rheology at pH 9.2 
Strain sweep experiments carried out on the dilatation rheometer however did not show any 
strain dependency of G` and G`` values of the microgel covered heptane water interface, as 
displayed in Figure 80 and Figure 79. It is also interesting to note that interfacial dilatation 
rheology at pH 3 still shows a significantly higher value of G` than G`` even at high strains. 
This is different in the corresponding interfacial shear experiment displayed in Figure 77, where 
G` decreases quickly with increasing strain. 
Compression isotherms that where measured at heptane / water interfaces indicate that 
interfacial microgels at both pH values are highly compressible compared to interfacial layers 
of solid particles. However the microgels at pH 9 are significantly less compressible than 
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Figure 81. Compression Isotherms of interfacial microgel layer at pH 3. (Barrier speed 10 mm/min) 
The negative surface pressure at the end of both cycles is attributed to evaporation of heptane during 
the experiment. 
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microgels at pH 3. Generally, it is surprising that the dense layers of microgels show such weak 
response the compression. The microgels are arranged in a clustered packing with voids (pH 9) 
and in a dense, 2D crystal-like packing (at pH 3), as we know from cryo-SEM pictures (Figure 
75 and Figure 76). Thus, we would have expected a lower compressibility of both layers, but 
especially for the layer at pH 3. A possible explanation for the observed high compressibility is 
that the soft microgels themselves are compressed during the experiment. In that case, the 
charged microgel at pH 9 would show weaker compressibility than the microgel at pH 3, due to 
coulomb repulsion and the osmotic pressure of counter-ions inside the microgel. Inter-particle 
coulomb repulsion and osmotic pressure inside the particles reduce the compressibility of the 
microgels. This effect is weaker in a microgel with fewer charges (pH 3), thus the microgels 
could be compressed better than the highly charged microgels (pH9), and which is what the 
trough experiments, displayed in Figure 81 show. 
Another interesting fact of these experiments is that the microgel layer at pH 3 is obviously not 
significantly elastic upon shear, but shows some elasticity when compressed (see Figure 77, 
Figure 79 and Figure 81). This is of cause not very surprising, as the particle layer at pH 3 is 
very dense, but helps to understand the difference in the results of the interfacial shear and 
interfacial dilatational rheology. Dilatational rheology of the interface still shows some 
elasticity with a microgel layer at pH 3, whereas results of the shear rheology do not show a 
significant storage modulus (only at very low strains). Shear rheology characterizes the 
translation motion of the particles, while the dilatational rheology measures the response of an 
interfacial layer to expansion and compression. From the dilatational rheology results, we 
cannot distinguish between contributions of compression or expansion of the interfacial layer. 
Results from dilatation rheology thus contain contributions of both events. The microgel layer 
at pH 3 is compressible and relaxes again upon expansion – the layer is elastic upon 
compression, as the results of the trough experiments show. The microgel layer can be 
destroyed easily when shear stress is applied (see results from shear rheology). As a result 
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dilatational rheology detects a mixture of compression elasticity and expansion plasticity for a 
microgel layer at pH 3, resulting in a significant storage modulus (as displayed in Figure 79).  
3.5.4 Conclusion 
The mechanical properties of interfacial microgel layers strongly depend on the pH value, as 
the results of the interfacial rheology show. The elasticity of the interfacial layer is significantly 
decreased when acid is added. In the shear rheology experiments the elasticity of the layer at 
pH 3 is below the measurement range of the experimental setup, for significant strains. The 
interfacial dilatation rheology experiments presented in this manuscript and earlier27 however 
did show elasticity of the interfacial layer at pH 3 even at high strains. Nevertheless, with the 
help of interfacial dilatation rheology we also found the layer being less elastic at pH 3 than at 
pH 9. The differences in the results of interfacial rheology could be explained by the different 
particle interactions that are measured by the methods. Changing pH of the interfacial microgel 
layer obviously alters the inter-particle interaction. In summary the main results are:  
(I) Microgels at a heptane / water interface do not desorb due to a microgel 
concentration gradient. The microgels seem to be entrapped at the interface and 
consequently no flow equilibrium between bulk and interface is established. 
(II) Interfacial shear rheology shows that the particle layer at pH 3 mainly exhibits 
viscous flow behavior, while the interfacial layer at pH 9 is visco-elastic.  
(III) The mechanical strength of the interfacial microgel layer depends on elastic 
deformation upon expansion or shear. Compression isotherms did still show an 
elastic response to compression even at low pH.  
(IV) The pH influences the inter particle repulsion. Addition of acid reduces the particle 
charges and thus increases the compressibility of the particle layer (see trough 
experiments).  
(V) Dilatational rheology does detect a sum of contributions from compression and 
expansion of the interfacial layer. Thus dilatational rheology still gives higher G` 
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than G`` values at pH 3 although shear rheology did not show a significant G` values 
at elevated strains.  
In emulsions both shear and dilatation of the interface are important for its stability. As we 
expected from the cryo-SEM pictures, interfacial microgel layer show elastic response to 
compression at both pH. Due to the high packing density of the particle layer, the layer has to 
be broken by mechanical forces for de-emulsification. Thus we assume that the breaking 
mechanism of the interface is governed by expansion and/or shearing of the interfacial microgel 
layer, which leads to de-stabilization of the emulsion droplets and consequently to de-
emulsification.
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3.6 Colloidal supra-structure of smart microgels at oil/water interfaces 
This chapter deals with the supra structures that are created by the microgels when they adsorb 
to an o/w interface, and the correlations between the structure of the particle layer and stability 
of the emulsions. A manuscript similar to this chapter has been accepted for publication by 
Angewandte Chemie Int. Ed., prior this thesis was completed. 
Emulsions are thermodynamically unstable and surfactants are applied for stabilisation. In some 
fields, as e.g. in oil industry, emulsions are desired only in certain process steps and surfactants 
may not be wanted as part of the final product.1 Breaking of emulsions is costly and produces a 
large amount of waste. Switchable low molecular surfactants have sparked interest recently, as 
their surface activity can be altered by appropriate stimuli, allowing controlled emulsion 
breaking,2 however their recycling is difficult. Stabilisers based on smart particles are more 
promising as they can be separated easily from the product e.g. by filtration.3 Recently we 
demonstrated that emulsions can be stabilised solely with “smart” microgels, which are pH- and 
T-sensitive, soft and porous polymer particles, allowing to control emulsion stability.3,4  
Here we show that the structure of interfacial microgel layers strongly depends on the pH. 
Unlike to what has been proposed in the past,5,6 emulsion stability is obviously not depending 
on the particle packing density. Additionally, we observed structural changes induced by the 
interface, leading to interconnections between the individual interfacial microgels. These 
findings show that microgels behave quite different at oil/water interfaces, compared to solid 
particles used in the well known solid-particle stabilised emulsions, called “Pickering-
Emulsions”. We anticipate that this work about this novel material will stimulate further 
theoretical and experimental investigations on the origin of this stabilisation. 
Discovered by Ramsden 7  and Pickering 8 , these “Pickering-Emulsions” are considered for 
applications in e.g. separation techniques, controlled drug release or foams and are of both 
academic and technical interest. 9 , 10 , 11  A Pickering-Emulsion in the common sense is an 
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emulsion solely stabilised by solid, mostly inorganic particles, with a diameter in the nm to µm 
range.12 The stability and type of Pickering emulsions depends on the three phase contact angle 
θ, which is related to the hydrophilicity of the particles of the particles, describing the position 
of the particle in the o/w-interface.12,13 Several configurations of the particles at the interface 
exist, promoting stability of Pickering emulsions. The most common particle layer structure is 
complete coverage of the interface by a dense layer of particle. The energy required to remove 
an adsorbed micro particle from the interface is several orders of magnitude greater than the 
thermal energy kT, making the particle adsorption effectively irreversible, causing strong 
sterical repulsion.12,14,15 In summary, a stable oil/water emulsion should consist of a dense layer 
of particles with good solubility in the continuous water phase.16  
In soft and porous poly(N-isopropylacrylamide)-co-(methacrylic acid) (PNIPAM-co-MAA) 
microgels, PNIPAM is thermo-sensitive in water, its solubility or, in the case of microgels, 
swellability in water is reduced at T > ca. 32°C (volume phase transition temperature (VPTT)) 
causing the microgel to shrink.17,18 Additionally, the incorporated MAA allows generation of 
internal charges at pH > 6 (pKs ≈ 6.2) leading to increased osmotic pressure and thus swelling 
of the microgel. The stability of emulsions stabilised with those microgels consequently 
depends on pH and temperature. At high pH (pH > 6) and low temperature (T < VPTT) the 
emulsions are stable over months or even years. The oil droplets are covered by a dense 
monolayer of microgels, as shown in Figure 82 (Left). As soon as the pH is decrease and the 
temperature is increased the emulsion starts to break.3 The origin of the observed de-
emulsification is still under discussion. 
It was suggested by Ngai et al. that a pH and/or temperature driven change in the particle’s 
polarity may cause the particles to leave the o/w interface and thus resulting in destabilising the 
emulsion, due to the reduced water solubility of PNIPAM at T > VPTT and the reduced number 
of charges at pH < 7.5,6 This would require the interfacial activity of the microgels to be lost, or 
to be at least significantly reduced, and should be easily detectable by measurements of the 
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interfacial tension. This scenario, however, is not very likely due to the high adsorption energy 
of micro particles to interfaces, mentioned above.12,13,15 In fact our measurements of the 
oil/water interfacial tension (IFT) shown in Figure 82 (right) reveal that the PNIPAM-co-MAA 
microgels do adsorb to oil/water interfaces independent of the pH of the microgel solution. 
Tsuji et al. however proposed an opposing theory of a T-induced contraction of the interfacial 
microgel layer, leading to reduced coverage of the droplets and de-emulsification.19 
Surprisingly, the IFT is even lower for microgels at pH 3 (uncharged microgel) than for 
microgels at pH 9 (charged microgel), although the emulsions are less stable at low pH. 
Obviously the emulsion destabilisation at low pH cannot be caused by desorption of microgels.  
These astonishing results were the starting point for our investigation of microgel laden o/w 
interfaces by utilising freeze fraction cryogenic scanning electron microscopy (Cryo-SEM). 
Cryogenic electron microscopy techniques allow the characterisations of shock frozen 
biological and colloidal bulk samples and interfaces close to their native state.20 ,21 , 22  The 
following figures display Cryo-SEM micrographs obtained from emulsion samples prepared at 
low and high pH, respectively, and the different structures we observed.  
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Figure 82. Left: Stacked fluorescence images of a microgel-stabilised toluene droplet in water, obtained by 
confocal laser scanning microscopy (pH 9). The layer distance in z-axis is 750 nm. The bright areas represent 
fluorescence intensity. The layer thickness was detected to be about 1 µm, which is approximately the diameter 
of the microgel used in this experiment. This implies that a monolayer of microgel is formed at the oil/water 
interface at pH 9. Right: Decay of interfacial tension of a heptane/water interface as microgels adsorb. The mass 
fraction was 1m% with respect to water in both experiments. 
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Figure 83. Cryo-SEM picture of the surface of a heptane drop covered with PNIPAM-co-MAA microgels at pH 3 
at two different magnifications. The white circle in the right picture represents Rh of the particles as derived from 
dynamic light scattering (DLS), showing similar sizes.  
 
 
 
Figure 84. Heptane/water interface covered with PNIPAM-co-MAA microgels at pH 9.The white circle in the 
right picture represents rh of the particles as determined by DLS-measurements. The microgels appear to be bigger 
again than determined by DLS. 
 
 
Figure 85. Cryo-SEM picture of inter microgel connections (Heptane/water interface at pH 9). 
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Indeed, uncharged PNIPAM-co-MAA microgels (at pH 3) display a well defined particle 
packing similar to the structure in a colloidal crystal (Figure 83). The interface is fully covered 
by a dense layer of the uncharged microgels. The analogous picture of the heptane/water 
interface at pH 9, displayed in Figure 84, shows a particle layer with significantly lower 
density, consisting of microgel clusters with uncovered areas in between. The number density 
of microgels is about a factor of two higher for the interface covered by uncharged microgels as 
compared to the interface covered by charged microgels, as Figure 83 and Figure 84 indicate. 
The different particle packing appears counter-intuitive, as one would expect the denser layer to 
be more effective in emulsion stabilisation. 
Pictures obtained with higher magnification show a strong linking between charged microgels 
(pH 9) (see Figure 85). The oil droplets are covered by a layer of interconnected particles. At 
low pH, i.e. in the uncharged state the particle density at the interface is increased, and the 
copolymer microgels behave similar to pure PNIPAM microgels, which are known to form 
colloidal crystals. 23 The higher number density at the interface also leads to a stronger decrease 
of interfacial tension (Figure 82 (right)). An ordered structure is formed at the oil/water 
interface, however, this microgel layer is not able to stabilise the emulsion.  
At high pH clusters are formed indicating a balance between attractive and repulsive forces. 
Currently, different concepts like deformation of the particle / liquid contact line and resulting 
capillary forces, 24  image charges, mono-, di- and quadrupole interaction 25 , 26  as well as 
heterogeneity in charge distribution of the particles are discussed as origin of inter-particle 
attraction and repulsion at interfaces. It is currently hard to judge which of these contributions 
dominates, because PNIPAM-co-MAA microgels are soft, deformable particles with 
inhomogeneous charge distribution, and are furthermore situated at an interface of two 
liquids.27,28 Yet it may be concluded; the presence of charges strongly influences the microgel 
behaviour (compare structure at pH 3 and 9). On a molecular scale, deprotonation of the MAA 
moieties leads to local amphiphilicity that affects the chains conformation. PNIPAM chains are 
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characterised by specific and highly cooperative hydrogen bonding patterns29, 30  thus local 
heterogeneities along dangling chains can lead on the one hand to partial aggregation of 
microgels while on the other hand charge interaction can lead to repulsion between clusters. 
The solution of this problem will certainly be a challenging task for theorists working in this 
field. 
The different microgel packing at the interface strongly affects emulsion stability. As the denser 
microgel layer, which is formed at low pH, does not promote emulsion stability, sterical droplet 
repulsion cannot be the governing stabilisation mechanism.  
At high pH, coulomb repulsion could be contributing to emulsion stability, however, low salt 
sensitivity and low zeta potentials (< -10 mV) of the emulsion droplets render this stabilisation 
mechanism rather unlikely. Instead we propose that the viscoelastic properties of the microgel 
layer are responsible for emulsion stability. Measurements by 2D interfacial dilatation rheology 
proved the particle layer at pH 9 to have a higher elastic modulus (about 5.5 × 10-3 N/m) than 
the microgel layer at pH 3 (about 3.5 × 10-3 N/m).3 This correlates nicely with the Cryo-SEM 
micrographs, the partially aggregated cluster structure can provide a pronounced elastic 
behaviour whereas the dense crystalline array will lead to a brittle interface. 
Methods 
Preparation of Cryo-SEM samples. pH adjusted microgel solution and heptane where 
added together. After shaking of the sample and equilibration of the interface, 1h at minimum, a 
drop of the emulsion was transferred in a copper tube in a way that an excess of emulsion forms 
a drop on top of the tube. The sample is frozen in liquid nitrogen and transferred into the cooled 
sample chamber (T: -140°C, P: 10-6 Pa). There, the drop on top of the tip is broken away with a 
razor blade. The temperature in the chamber is increased to -90°C to create a clean surface. 
After 5 to 10 min., the temperature was decreased again and the sample was transferred directly 
into the microscope.  
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The Cryogenic Scanning Electron Microscopy images where taken with a Hitachi S-4800 
electron microscope equipped with a liquid nitrogen cooled sample preparation and transfer 
unit.  
Confocal Fluorescence Imaging. The confocal laser scanning microscopy pictures were 
taken on a MicroTime200 (PicoQuant GmbH, Berlin, Germany). A laser with a wavelength of 
531 – 533 nm was used to excite the fluorescent label on the microgel. The emitted light was 
detected by single avalanche photo diodes (SPAD) (Micro Photon Devices, Bolzano, Italy). The 
emulsion was placed on the sample glass and a series of x/y-layers was scanned. The 
temperature was 23°C. Z-distance between the layers was 750 nm. 
Interfacial Tension. For interfacial tension(IFT)-measurements we apply a video enhanced 
pendant drop setup (DSA100, Krüss, Germany). A drop of water + microgel dispersion is 
created in a cuvette filled with the oil. The interfacial tension is derived from the drop shape 
and the density difference of the liquids. The IFT data were recorded from the live image with 1 
reading / 1-2s. The number of data points has been reduced for display in the graphs.  
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3.7 Supporting information “Colloidal supra-structure of smart microgels at 
oil/water interfaces” 
Material. N-isopropylacrylamide (NIPAM) (> 99.0%) (Acros Chemicals), methacrylic acid 
(MAA) (> 99.0%) (ABCR-GmbH), N, N’-methylenebisacrylamide (BIS) (> 99.5%), the starter 
potassium peroxodisulfate (KPS) (99.0%) (Merck), n-heptane (> 99%) (Merck) ,Toluene (> 
99.7%) (KMF Laborchemie, Germany) and the fluorescent label methacryloxyethyl 
thiocarbamoylrhodamine B (MRB) was (Polysciences Inc.) were used as received. Water for all 
purposes was doubly-distilled Milli-Q-water. 
Microgel synthesis. The microgel synthesis was done according to a procedure published 
elsewhere.1 Water, in a three neck flask, was heated to 70 °C and purged with N2 for 1h to 
remove dissolved oxygen. The monomers, NIPAM, MAA, BIS and the label MRB, were 
dissolved in degassed water and added. Then the KPS, which was also dissolved in degassed 
water, was added to the monomer solution. The overhead stirrer was set to a speed of 350 rpm. 
After 5 h the reaction mixture was cooled down to room temperature under constant stirring. 
After filtration through glasswool the mixture was centrifuged at 50.000 rpm for 40 min. and 
redispersed in doubly-distilled water, 3 times. After these cleaning steps the microgels were 
freeze dried. 
The microgels were redispersed in doubly-distilled water for 4-5 days prior use in 
experiments. 
Characterization of the microgel used in this study 
Dynamic light scattering. The hydrodynamic radius (Rh) was determined by dynamic light 
scattering (DLS) carried out with an ALV-5000 DLS-setup at a laser wavelength of 632.8 nm. 
Where pH-adjustment was necessary the pH was adjusted with diluted HCl and NaOH and 
measured by a Metrohm 744 pH-Meter equipped with a Biotrode pH-probe. The samples were 
prepared in a flow box and filtered through syringe filters to avoid contamination. The 
hydrodynamic radius was derived from diffusion coefficient via cumullant analysis. 
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Zeta potential. Zeta potential measurements were performed at a NANO ZS equipped with a 
MPT-2 autotitrator (both Malvern Instruments, UK). No extra salt was added, apart from the 
salt produced by pH adjustment. The voltage applied for the measurement in the disposal flow 
cell was 150V. Zeta potential is calculated from the measured electrophoretic mobility using the 
Smoluchowski equations.  
Results 
Composition: 
Monomer Mass / g Fraction / % 
NIPAM 18 90.5 
MAA 1 5.0 (monomer in synthesis) 
5.5 – 5.8 (titrated) 
BIS 0.8 4.0 
MBR 0.1 0.5 
Table 9. Composition of the microgel used in this study (as used in the synthesis). 
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Figure 86. Hydrodynamic radius, Rh as derived from dynamic light scattering (DLS). 
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Figure 87. pH dependency of the zeta potential as derived from 
electrophoretic mobility measurements. 
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3.8 Particle formation in a PNIPAM microgel synthesis 
3.8.1 Motivation and Background 
Although many groups are working with PNIPAM microgels and the co-polymerized particles, 
not much work has been done on the development of the microgel structure during the 
synthesis. The focus of current investigations on the structure of the microgels is on 
investigations of the composition and configuration of the final particles. 1 , 2 , 3 , 4 , 5  The data 
obtained in this study will be used to determine the required minimum reaction time that is 
needed to obtain stable particles. This timescale is important for the development of a semi-
batch reaction regime that allows to synthesis core-shell particle without intermediate 
purification steps. 
For polymer latex particles, like polystyrene particles the theory of particle formation is much 
better established than for microgels. Basically there are a number of mechanisms possible for 
the formation of polymeric particles. Particles may be formed by the introduction of a radical 
into a micelle swollen by monomers, by homogeneous nucleation in the aqueous phase (soluble 
monomers) or within monomeric droplets (insoluble monomers).6 , 7 , 8 ,9  For polystyrene the 
analysis of the evolution of the particle sizes gives good evidence that polystyrene latex are 
formed by the aggregation of primary particles, which have been generated by homogeneous 
nucleation.9,10,11,12,13,14 In the first stage these small primary particles are created. Then they 
agglomerate to a point where colloidal stable aggregates are formed. As these particles are 
insoluble in the solvent, under these reaction conditions, the main stabilising force is the inter-
particle coulomb repulsion, created by the surface charges of the particles.10 The corresponding 
property that could be measured is the zeta potential. Although these are results for 
hydrophobic polystyrene particle, they give the background for the discussion of PNIPAM-
microgel synthesis as PNIPAM is also hydrophobic under the reaction conditions applied in this 
study. 
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This chapter is a report on work on the evolution of the zeta potential and the particle size 
during the synthesis of different PNIPAM microgels. The resulting data are the foundation for 
the work about the semi-batch synthesis of microgels, presented in the next chapter.  
PNIPAM and PNIPAM-co-MAA microgels could be synthesised in surfactant free emulsion 
polymerisation (SFEP) or, for smaller particles, with surfactant support. For the later, usually 
sodium dodecyl sulphate (SDS) is applied. As the goal of the next chapter will be to synthesise 
microgel-cores and –shells with PNIPAM and PNIPAM-co-MAA with or without SDS, this 
chapter will focus on these 4 experiments. It is important that size and zeta potential are 
recorded on the same sample with only short delay. 
3.8.2 Experimental 
N-isopropylacrylamide (> 99.0%) was purchased from Acros Chemicals, methacrylic acid 
(MAA) (> 99.0 %) was purchased from ABCR-GmbH, N, N’-methylenebisacrylamide (BIS) (> 
99.5 %) was purchased from Merck, sodium dodecyl sulfate (SDS) was purchased from Fluka, 
the starter potassium peroxodisufate (KPS) (99.0 %) was purchased from Merck. All monomers 
and chemicals were used as received. The water for all samples was vacuum degassed doubly-
distilled water. The applied SDS concentration is well below the critical micelle concentration 
(cmc) (cmc: 7-10 mmol/l 15; experiment:~1.53 mmol/l) 
The experiments were performed in a Zetasizer NANO ZS (Malvern Instruments). Disposal 
Zeta/size cells were used for these experiments. For the size measurements the Nano ZS works 
with a 173° setup. The laser wavelength is 632 nm. The conductivity is recorded automatically 
during the zeta potential measurements. 
For the sample preparation, the monomers were dissolved in degassed water in independent 
stock solutions. The stock solutions were stored at 7 °C. The required amounts of monomers 
were added together and were diluted to a monomer / water mass ratio of about 1 m%.  
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The Zetasizer was preheated to 70 °C before the cuvette was inserted. After the temperature 
was stable again the measurement was started. Measurements of the size and zeta potential have 
been done alternating.  
To prevent strong changes of the values during the experiment time was kept short at the 
beginning of the experiment and was extended towards the end (first 30 min.: 30 s; t > 30 min. 
100 s). All experiments were repeated 3 times at minimum, to ensure reproducibility of the 
results. 
3.8.3 Results and Discussion 
3.8.3.1 PNIPAM Microgels 
  
Figure 88 displays the particle size and the zeta potential of a surfactant free NIPAM/BIS 
reaction. These results clearly show that the particle size increases rapidly at the beginning of 
the reaction. After about 2h the maximum particle size of about 250-260 nm is reached. After 
that the particle size decreases to about 220 nm, which is nearly equivalent to the particle 
diameter at the end of the synthesis. However, these changes are negligible when the error bars 
are considered. Thus the particle size increase seems to be completed after about 2 to 3 h. The 
zeta potential also only changes significantly during the first 2 to 3 h of the experiment. The 
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Figure 88. Time dependence of hydrodynamic 
diameter and zeta potential for SFEP of PNIPAM 
microgels. 
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Figure 89. Time dependence of hydrodynamic 
diameter and zeta potential for an emulsion 
polymerization (with SDS) of PNIPAM microgels. 
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changes in zeta potential after this 3 h period are within the precision of the instrument and are 
therefore negligible. The SDS supported synthesis of a PNIPAM microgel, displayed in Figure 
89, seems to be completed after 2 h, already, as the course of particle size and zeta potential 
indicates. The addition of SDS seems to decrease the standard deviation of Dh and the width of 
the zeta potential distribution of the particles (compare Figure 88 and Figure 89). The final 
values of particle size and zeta potential are hardly influenced by SDS addition. It is known 
from synthesis in the lab that SDS addition decreases the particle size of the final product 
compared to a SFEP. This might be an indication that SDS only works for particle size decrease 
in combination with shear forces, as lab reactions are usually steered reactions, and reactions in 
the Nano ZS cells cannot be steered. 
3.8.3.2 PNIPAM-co-MAA 
These experiments where performed at a pH of about 3 16, and thus only a small fraction of the 
methacrylic acid is deprotonated (pKa: 4.66 17). Therefore the MAA-monomers are mainly 
uncharged and their solubility in water is poor. 
  
The NIPAM-co-MAA microgels synthesised without SDS (Figure 90) show a constant particle 
growth over more than 6 h. However, the particle sizes increase more slowly after about 2 h. 
The zeta potential reaches a constant value also after about 2 h. The absolute value of the zeta 
potential is remarkable lower than the zeta potential of the pure PNIPAM microgel (compare 
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Figure 90. Time dependence of hydrodynamic 
diameter and zeta potential during a SFEP of 
PNIPAM-co-MAA microgels 
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Figure 91. Time dependence of hydrodynamic 
diameter and zeta potential during emulsion 
polymerization (with SDS) of PNIPAM-co-MAA 
microgels 
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Figure 88,~ -45 mV). Again, the experimental error in size and zeta potential measurements is 
smaller when SDS is added, and diameter and zeta potential could be considered to be constant 
after about 2 h (see Figure 91).  
When PNIPAM and MAA are used as monomers the addition of SDS seems to have a stronger 
effect, compared to a reaction of only PNIPAM. The reason for this could not be derived from 
these results. Therefore, further experiments would be necessary.
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3.9 Semi-Batch Synthesis of PNIPAM-co-MAA microgels for the Stabilization of 
Emulsions 
All microgels applied in this study until now, were microgels synthesized by a surfactant free 
emulsion polymerization in a single batch. The methacrylic acid (MAA), and thus the pH 
sensitive charges, are distributed according to reaction kinetics of the monomers, consequently 
being enriched in the core compared to the shell of the microgel. A detailed discussion of the 
internal microgel structure can be found in Chapter 3.3. Although we found that the charge of 
the microgel adds significantly to emulsion stability and pH sensitivity, only a very small 
fraction is effective at the microgel’s surface. The rest of the MAA is hidden in the internal 
structure and shielded by counter ions. For better investigation of the effect of charges on the 
emulsion stability it is therefore necessary to synthesize microgels with a defined charge 
distribution. This could be achieved by synthesizing microgels with a core-shell structure, 
where the charges are situated either in the core or in the shell. 
3.9.1 Introduction 
A synthesis procedure for core-shell microgels has been developed in the past by Lyon et al. 
and Bernd et al.1,2,3 The disadvantage of these methods is, however, that core and shell are 
synthesized in two different stages, and the core has to be purified prior the shell synthesis. 
Although this method allows sensitive control over the reaction parameters, it is too time-
consuming for large scale microgel synthesis, as it is required in this research project. We used 
a procedure similar to the method proposed by Meyer at al. 4  and references therein. The 
surfactant, sodium dodecylsulfate (SDS), was used to obtain sufficiently small microgel cores.  
The full description of the conducted experiments and detailed results can be found in Anne 
Buchkremer’s report about her research practicum.5 
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3.9.2 Microgel semi-batch synthesis 
The synthesis was carried out in the following way. 1) the monomers of the core are dissolved 
in degassed water and heated to 80°C in a double wall reactor under N2. Then KPS was 
dissolved in degassed water and added to the monomer mixture. The monomers of the shell are 
dissolved in 45 ml of degassed water and filled in a 50 ml syringe. A second syringe is filled 
with the KPS solution. Both syringes where placed on a double syringe pump. The pump was 
started about 4h after the first part of the reaction was initiated. Both solutions where pumped 
into the reactor with 1 ml/min. The overall reaction time was about 6.5 h. The reaction mixture 
was cooled down to room temperature, while stirring. The microgels were separated from by-
products by ultracentrifugation. Two different microgels have been synthesized during this 
project. The products of the two different synthesis will be labeled as composition 
CORE/composition SHELL. The first one, PNIPAM/PNIPAM-co-MAA, is carrying MAA in 
the shell (composition of reaction and final product see Table 10), whereas the second product, 
PNIPAM-co-MAA/PNIPAM, is supposed to possess carboxylic acid groups only in the core of 
the microgel (composition see Table 11).  
  
PNIPAM/PNIPAM-co-MAA 
 
Synthesis Overall composition 
 
Core Shell Calculated Analysed 
PNIPAM [m%] 86.0 85 
  
MAA [m%] 10.1 - 5.10 6.35 
BIS [m%] 4.0 5 
  
Table 10. Composition of Core and Shell monomer solutions for the synthesis 
of PNIPAM Core and PNIPAM-co-MAA Shell microgels and the overall 
composition of the final microgel. 
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The particle size measurements of the purified reaction product reveals that both products are 
thermo-sensitive at pH 3, displayed in Figure 92, but do hardly show any thermo-sensitivity at 
basic conditions, as displayed in Figure 93. The hydrodynamic radius is also altered by the pH 
alone (compare Figure 92 and Figure 93). The microgels are swollen when MAA-charges are 
generated due to deprotonation, leading to an increased particle size. Interestingly, the microgel 
with MAA in the core is always larger than the microgel with MAA in the shell. 
 
PNIPAM-co-MAA/PNIPAM 
  Synthesis Overall composition 
  
Core Shell Calculated Analysed 
PNIPAM [m%] 85 86.0 
  
MAA [m%] - 10.1 5.10 9.61 
BIS [m%] 5 4.0     
Table 11. Composition of Core and Shell monomer solutions for the synthesis of PNIPAM-co-
MAA Core and PNIPAM Shell microgels and the overall composition of the final microgel. 
 
20 25 30 35 40 45 50
50
75
100
125
150
175
200
225
250
275
300
 
 
R
h 
(nm
)
T (°C)
 PNIPAM/PNIPAM-co-MAA  PNIPAM-co-MAA/PNIPAM
pH 3
 
Figure 92. Hydrodynamic radius, Rh, of core/shell 
microgels at pH 3. 
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Figure 93. Hydrodynamic radius, Rh, of 
core/shell microgels at pH 9. 
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Zeta potential measurements of the two core/shell microgels showed similar microgel surface 
charge at pH 3 (see Figure 94). At this pH both microgels exhibit nearly no effective charges 
(charges that influence the zeta potential) at 20 – 30 °C. At T>VPTT the zeta potential of both 
particles reach a value of about -30 mV. Significant differences in zeta potential are only 
observed at pH 9 (Figure 95). There the zeta potential of PNIPAM/PNIPAM-co-MAA 
microgels is higher in absolute values, it is more negative, compared to the PNIPAM-co-
MAA/PNIPAM microgel. 
Was the microgel semi-batch synthesis successful? 
These differences in zeta potential are therefore most likely to originate from the different 
distribution of MAA in the different two microgels. PNIPAM/PNIPAM-co-MAA microgel 
seems to be successful synthesized, having high amount of MAA in the shell and thus expose 
more charges to the surface. The amount of titratable charges / fraction of MAA, as shown in 
Table 10, is close to the expected amount. That supports the conclusion that a PNIPAM-co-
MAA shell has been formed around the PNIPAM cores, which has about the expected 
thickness. 
The synthesis of a microgel having PNIPAM-co-MAA in the core and a surrounding PNIPAM 
shell (PNIPAM-co-MAA/PNIPAM) has obviously not been that successful. According to the 
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Figure 94. Temperature dependency of zeta 
potential of core/shell microgels at pH 3. 
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Figure 95. Temperature dependency of zeta 
potential of core/shell microgels at pH 9. 
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amount of MAA that was found by titration in the microgel (Table 11), the shell thickness is 
very small, if there is any. This is also supported by the finding that MAA generated charges 
are still effecting the zeta potential, although they should be surrounded and shielded by a 
PNIPAM shell.  
In summary the synthesis method we used seems to work well for the PNIPAM/PNIPAM-co-
MAA microgels, having the charges in the shell. However the semi-batch method is not as 
effective for the microgel which is supposed to have the MAA in the core. 
3.9.3 Interfacial Properties 
The decay of interfacial tension of a heptane/water interface is displayed in Figure 96. The 
results show a lower equilibrium interfacial tension (IFT) for microgels at pH 3 ((a) and (c)) 
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Figure 96. Time dependency of interfacial tension for PNiPAM / PNiPAM-co-MAA at pH 3 (a) and pH 
9.3 (b), and for PNiPAM-co-MAA / PNiPAM for pH 3 (c) and pH 9.4 (d) (taken from Ref. 5). 
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compared to pH 9 ((b) and (d)). Equilibrium IFT values of heptane / water + 
PNIPAM/PNIPAM-co-MAA microgels ((a) and (b)) are lower than the IFT of microgels with 
PNIPAM shells ((c) and (d)). IFT-values yield information about the undisturbed interfacial 
layer. However, numerous mechanical forces are acting on interfacial layer in emulsions. To 
investigate the response of the interfacial layer towards external stresses we applied interfacial 
dilatational rheology. 
  
Figure 97. Temperature dependency of the elastic modulus, G', of the PNIPAM/PNIPAM-co-MAA (left) and 
PNIPAM-co-MAA/PNIPAM (right) microgels at heptane/water interface. 
 
  
Figure 98. Loss modulus, G'', with respect to temperature of the PNIPAM/PNIPAM-co-MAA (left) and PNIPAM-
co-MAA/PNIPAM (right) microgels at heptane/water interface. 
Both core/shell microgels form an interfacial layer which is highly elastic (Figure 97), 
especially when the microgels are charged (pH 9). At 25 °C G’ is about 3 times larger than the 
values of G’ for microgels synthesized in a conventional batch synthesis (compare to Chapter 
3.4). The interfacial layer of both microgels, at pH 9, becomes less elastic (smaller G’), as the 
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temperature increases. This effect seems to be more pronounced when microgels with MAA in 
the shell are used. Surprisingly, the microgels which are supposed to have a pure PNIPAM 
shell, show a weak response to T-increase. When the semi-batch microgels are not charged, at 
pH 3, both interfacial layers behave very similar to each other. Their G’ (Figure 97) and G’’ 
(Figure 98) in dilatational rheology are comparable. 
The main conclusion that can be drawn out of the IFT dilatational rheology results is that 
although PNIPAM/PNIPAM-co-MAA microgels should be surrounded by a highly charged 
shell at pH 9, the inter microgel repulsion is obviously not sufficient to reduce the effect of 
increasing temperature on the interfacial layer. In fact the PNIPAM-co-MAA/PNIPAM 
microgels behave more as expected for highly charged microgels. Their G’ value at pH 9 is 
nearly independent of temperature.  
3.9.4 Cryo-SEM 
To investigate whether the proposed different structure of the two microgels lead to different 
structures of the particle layer at the heptane/water interface cryogenic scanning electron 
microscopy has been applied. These experiments have only been carried out at pH 9 as the 
structural differences are expected to be more pronounced when the microgels are charged, 
compared to pH 3, where the microgels are only weakly charged. 
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The influence of the different particle charge on the structure of the interfacial layer can easily 
be observed in Figure 99 and Figure 100. The particle density is reduced by the inter-microgel 
repulsion of the PNIPAM/PNIPAM-co-MAA microgels. However they seem to form dense 
clusters with large voids in between (see Figure 99). The voids are fully covered by hairy 
structures that appear to be linked to the microgels. Similar structures have been observed 
before for interfaces covered with batch microgels (compare Chapter 3.6). Although a larger 
number of pictures is necessary for a final conclusion, it appears that the voids are larger for the 
semi-batch microgels used here, compared to the batch microgels used in Chapter 3.6, although 
their overall composition of the microgels is comparable. The observed structure might thus be 
 
Figure 99. Cryo-SEM image of a heptane/water 
interface covered with PNIPAM/PNIPAM-co-MAA 
microgels at pH 9. 
 
Figure 100. Cryo SEM image of a heptane/water 
interfaces covered with PNIPAM-co-
MAA/PNIPAM microgels at pH 9. 
 
Figure 101. High magnification Cryo-SEM image taken from a PNIPAM/PNIPAM-co-MAA microgel 
covered heptane/water interface at pH 9. 
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a result of the charge position closer to the particle surface. A close up of the structure, 
displayed in Figure 101, however revealed an inhomogeneous surface structure of 
PNIPAM/PNIPAM-co-MAA microgels. It appears as if two kinds of particles with different 
sizes are present in the interface, and the small particles seem to be connected to the bigger 
ones. The small particles are only present in close proximity to the big particles and have not 
been observed alone. Note that taking a high magnification electron microscopy image of a thin 
layer of hydrocarbons is always challenging, and the image quality is often not satisfying. The 
image displayed in Figure 101 and the other similar pictures taken of this sample should be 
confirmed by additional experiments. However the assumption could be drawn that the MAA-
fraction is phase separated and forms own particles, although being chemically linked to the 
microgel. At these conditions, it could form kind of a raspberry together with the bigger 
PNIPAM particles. 
The PNIPAM-co-MAA/PNIPAM microgels are densely packed at the heptane/water interface, 
as displayed in Figure 100. The small voids are also covered by hairy polymeric structures. This 
structure might be a result of the shielding of the charges by the PNIPAM shell, and the 
resulting lower surface charge (see zeta potential measurements). No dirty snow balls, as with 
the microgels mentioned above, have been observed. Even high magnification images only 
show one type of particles.  
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3.9.5 Emulsions stabilized with core-shell microgels 
To investigate whether the structure of the microgel changes the properties of emulsions 
stabilized with such particles a set of emulsions with different fractions of microgel and 
different heptane/water ratios were prepared.  
Sample m% (microgel) 
V (Heptane) / V 
(water)  
Type of 
Emulsion 
PNIPAM / 
PNIPAM-co-MAA 
0,5 20 : 80 o in w  
0,5 30 : 70 o in w  
0,5 40 : 60 o in w  
0,5 50 : 50 o in w  
0,5 60 : 40 o in w  
0,5 70 : 30 - 
0,5 80 : 20 - 
0,7 20 : 80 o in w  
0,7 30 : 70 o in w  
0,7 40 : 60 o in w  
0,7 50 : 50 o in w  
0,7 60 : 40 o in w  
0,7 70 : 30 o in w  
0,7 80 : 20 o in w  
1 20 : 80 o in w  
1 30 : 70 o in w  
1 40 : 60 o in w  
1 50 : 50 o in w  
1 60 : 40 o in w  
1 70 : 30 o in w  
1 80 : 20 o in w  
PNIPAM-co-MAA / 
PNIPAM 
0,5 20 : 80 o in w  
0,5 30 : 70 - 
0,5 40 : 60 - 
0,5 50 : 50 - 
0,5 60 : 40 - 
0,5 70 : 30 - 
0,5 80 : 20 - 
0,7 20 : 80 o in w  
0,7 30 : 70 o in w 
0,7 40 : 60 o in w  
0,7 50 : 50 o in w  
0,7 60 : 40 o in w  
0,7 70 : 30 - 
0,7 80 : 20 - 
1 20 : 80 o in w  
1 30 : 70 o in w  
1 40 : 60 o in w  
1 50 : 50 o in w  
1 60 : 40 - 
1 70 : 30 - 
1 80 : 20 - 
Table 12. Composition, type and stability of emulsions prepared with core/shell microgels                               
(pH of all emulsion ~ 9). 
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The emulsions, that are stable, where all of the oil/water type. The microgel with MAA in the 
shell was able to stabilize more emulsions as the microgel with a pure PNIPAM shell. The 
samples which could not form stable emulsions are those with either a low microgel fraction 
(both microgels) and / or a high oil fraction (pure PNIPAM shell). Those samples with 
sufficient microgel (0.7 and 1 m% PNIPAM-co-MAA/PNIPAM microgel in water) and high oil 
fractions should form water in oil emulsions, but not one water/oil emulsion could be identified 
in this set of experiment. These finding might be explained by the fact that the inverse water/oil 
emulsions are not stable, and although they might be formed during the emulsification, they 
seem to decompose. The situation is different for the microgels having MAA in the shell. Here, 
all samples that have sufficient microgel in water, form oil/water emulsions. That microgel is 
obviously so hydrophilic that only oil droplets can be stabilized. 
3.9.6 Summary 
The aim of this project was the synthesis of core/shell microgels via a semi-batch synthesis, and 
their application for the stabilization of emulsions. Although the synthesis appeared to be 
successful for PNIPAM/PNIPAM-co-MAA microgels and partially successful for PNIPAM-co-
MAA/PNIPAM microgels after the first experiments, the conclusion could be drawn that no 
synthesis leads to the expected product. The synthesis of PNIPAM-co-MAA/PNIPAM did fail, 
due to an insufficiently created PNIPAM shell around the primary microgel core (see results of 
titration, zeta potential and the discussion of the synthesis result). The synthesis of 
PNIPAM/PNIPAM-co-MAA did also not lead to the desired core/shell microgel. Zeta potential 
measurements showed that a high charge density, and thus a high amount of MAA, is present at 
the surface, but the cryo-SEM image, displayed in Figure 101, revealed that the microgel 
structure is an agglomerate of big and small particles, forming a “dirty snow ball”. MAA might 
be incorporated in these smaller particles. However both products could be applied for emulsion 
stabilization, as the prepared set of different stable emulsions showed (Table 12). The ability to 
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stabilize emulsions probably originates from the unexpectedly high elasticity of the particle 
layer that is created at the o/w interface during the microgel adsorption. 
3.9.7 Outlook 
Further experiments are necessary to investigate the following questions: 
a) The raspberry-structure of the PNIPAM/PNIPAM-co-MAA microgels should be 
investigated in more detail to confirm the Cryo-SEM picture. A phase separation 
between PNIPAM and MAA could create a contrast gradient that could be detected e.g. 
by neutron scattering. 
b) The role of the reaction conditions, and especially the starting time of the addition of 
shell monomers with respect to the total reaction time should be investigated. Not every 
ratio of PNIPAM and MAA results in the formation of particles. MAA contends of > 11 
– 15 m% with respect to the total monomer do not form particles. Although the shell 
composition was chosen in such a way that the formation of particles is possible (about 
10m% of MAA), it is possible that MAA rich, water soluble monomers are formed 
which did precipitate and aggregate with the primary PNIPAM particle at a later stage 
of the reaction. I would therefore recommend to start the addition of the shell monomers 
earlier, to allow the new monomers to find a reaction partner more easily and be 
incorporated into the primary particles in an earlier stage of the main reaction. 
c) Additional shear rheology experiment should be carried out for further investigations of 
the interfacial properties of the two microgels investigated in this study. I already 
performed interfacial shear rheology experiments at the PNIPAM/PNIPAM-MAA 
microgel, basically confirming the results of the interfacial dilatational rheology. The 
difference is however that the interface is still found to be elastic with dilatational 
rheology and is not significantly elastic when characterized with shear rheology. These 
findings have been observed before in a similar manner (compare Chapter 3.4 ). No 
such experiments have been conducted with PNIPAM-MAA/PNIPAM microgels, but 
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should be performed in coming studies. It would also be interesting to perform these 
experiments temperature controlled, to observe possible T-induced densification of the 
interfacial microgel layer. 
d) The stimuli sensitivity of the emulsions was not investigated in detail in this study. This 
should be done in the aftermath of this work. 
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4 Meyer, S.; Richtering, W. Macromolecules 2005, 38, 1517. 
5 Buchkremer, A. Report of Research Project “Semi-batch synthesis and characterisation of poly-(NiPAM-co-
MAA) core-shell microgels to stabilize o/w emulsions”, 2008, RWTH-Aachen. 
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3.10 Magnetic, thermo-sensitive microgels as stimuli-responsive emulsifiers 
allowing for remote control of separability and stability of oil in water-
emulsions 
Particle stabilized emulsions are well known since the beginning of the last century. Ramsden 
(1903) 1, and Pickering (1907)2 were the first to discover that particles are able to stabilize 
foams and emulsions by adsorbing to the interface. The rigid layer of particles residing at the 
oil-water interface prevents the coalescence of oil droplets. Usually this stabilization is very 
effective and leads to very stable emulsions due to the combination of sterical and electrostatic 
repulsion of the oil droplets and viscoelastic behaviour of the o/w interfaces. In the current 
literature these emulsion are called “Pickering emulsions” although Ramsden was the first to 
describe them. Most systems published in the literature are concerned with inorganic particles, 
e.g. from modified silica, clay, or metal.3,4 In recent years there has been increasing interest in 
the use of organic latex particles to stabilize emulsions.5,6 For big particles the adsorption at the 
interface is effectively irreversible 7,8, however, controlled breaking of such Pickering 
emulsions is desirable in some applications, like e.g. extraction processes. To attain this goal 
much work has been done to modify particles to make them stimuli sensitive and a variety of 
particles have been tested for their intended use as stabilizers for emulsions. Stimuli responsive 
or switchable surfactants were the subject of a recent study by Liu et al..9 They described a 
surfactant system in which they could change the ability of an amidine – alkyl to act as a 
stabilizer for their emulsion by changing the gas atmosphere from N2 to CO2. Magnetic 
particles were used to prepare Pickering emulsions.10,11 Such systems allow to separate oil 
droplets from the continuous water phase. 
Microgels consisting of crosslinked poly (n-isopropylacrylamide) (NIPAM) are well known 
thermo-sensitive ‘smart’ particles.11,12,13 At room temperature they can be dissolved in water as 
swollen polymer network nanoparticles. Above a certain temperature, termed as Volume Phase 
Transition Temperature (VPTT), the solvents quality changes leading to a collapse of the 
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particles and the radius decreases. For pure crosslinked poly(NIPAM) microgels in water this 
temperature is ca. 32 °C. Copolymerization with other monomers may lead to a shift of the 
VPTT to higher or lower temperatures.13,14 High amounts of comonomers can also lead to a 
broadening of the transition. Soft gel particles are widely used in a number of applications, e.g. 
as micro reactors for the defined synthesis of inorganic particles 15,16, as biomaterials, in optical 
applications 17 and as model systems for colloid science.18,19,20 The stimuli responsive character 
of microgels has been subject to extensive studies 12,13,20 and the investigations have been 
extended to microgels with more sophisticated structure providing additional 
functionality.21,22,23,24,25 
Microgels made from thermo-sensitive PNIPAM and methacrylic acid (MAA) attracted 
attention as emulsifiers in oil in water (o/w)-emulsions only recently.26,27 Emulsions stabilized 
with these stimuli sensitive microgel particles can be influenced by pH and temperature. T.Ngai 
et al. showed that the emulsion becomes unstable and ripening of the oil droplets occurs if the 
temperature of the emulsion was above the VPTT of PNIPAM or the emulsion was destabilized 
by acid addition. With their work on lightly crosslinked P4VP/SiO2 composite particles Binks 
et al. presented another class of stimuli responsive particulate emulsifiers. Their system also 
exhibits a pH-sensitivity, but contrary to the system Ngai et. al described. P4VP/SiO2 particles 
only act as stabilizers in the uncharged, in this case the acidic state.21,22 
Some attempts have been made to add a third sensitivity to microgels. Especially the 
incorporation of magnetic nanoparticles (MNP) is interesting. Zhang et. al. and Susuki et al 
showed that Fe3O4-particles can be synthesized within PNIPAM-based microgels.15,16 
Alternatively, MNPs can be attached to thermo-sensitive microgels via layer-by-layer 
adsorption.28 These particles allow to heat the microgels inductively as has been shown 
previously for free solid magnetite particles.29,30 
In this contribution we demonstrate, as proof of principle, that multi responsive, i.e. magnetic, 
temperature sensitive microgels can be used as stabilizers for o/w emulsions allowing for 
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remote control (i) on separating droplets from the continuous phase and (ii) on emulsion 
stability, via inductive heating. Emulsions have been prepared employing (i) oils of different 
polarity, as heptane, toluene, 2-hexyl-1-decanol, 1-decanol and 1-octanol, and (ii) different 
microgels with different contents of methacrylic acid and 2-hydroxyethylmethylacrylate (see 
table 2) revealing the concept’s generic applicability. Hybrid PNIPAM microgels containing 
magnetic Fe3O4 nanoparticles (MNPs) have been prepared according to a procedure reported by 
Zhang et al..16 First PNIPAM-co-HEMA-co-MAA microgels particles are synthesized and 
afterwards the MNPs are prepared inside the microgels.  
 
Figure 102. TEM-picture of a Fe3O4 hybrid-microgel. The scale bar represents 500 nm. An enlarged picture of the 
marked region is shown in Figure 103. 
 
Figure 103. TEM-picture of the Fe3O4-particles embedded in the microgel. The picture represents the contact 
region of two microgels. The scale bar represents 200 nm. 
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TEM-pictures of the hybrid particles are displayed in Figure 102 and Figure 103. They show 
that the MNPs are dispersed inside the microgel (Figure 1) with only very few free MPNs.  
Figure 103 shows a higher magnification of the hatched area in Figure 102. The Fe3O4 particles 
shown in Figure 103 have a diameter in the range 10-30 nm; the microgels shown in Figure 102 
have a diameter of ca. 500 nm. Figure 102 also indicates that the sample contains some 
microgel particles with only few incorporated Fe3O4-nanoparticles. Although most of the 
microgels in the sample investigated by TEM reveal a high content of magnetic nanoparticles, 
this picture was chosen to show that other microgels with low MNP content are also present in 
the sample.  
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Figure 104. DLS results for the PNIPAM-co-MAA (8.8 mol%) -co-HEMA (17.5 mol%)  microgel (crosses) and 
the corresponding hybrid microgel containing MNPs (triangles). Both measurements were performed at pH 9. 
Solution properties of the microgels were characterized by means of dynamic light scattering 
(DLS), see Figure 104. Both types of microgels, i.e. without and with MNPs are temperature 
sensitive. Due to the high comonomer content there is a rather smooth decrease in the size as 
compared to pure PNIPAM microgels.25 
The Fe3O4 - hybrid microgels (HM) (triangles in Figure 104) are temperature sensitive as well, 
however the presence of MNP alters the behavior slightly: at low temperatures the hybrid 
microgels have a smaller size than the corresponding microgels without magnetic nanoparticles. 
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At temperatures above the VPTT the MNPs limit the microgel collapse. Apparently, the MNPs 
act as additional physical crosslinkers in the HM leading to a slightly weaker swelling than in 
the pure microgels. The DLS measurements revealed a higher polydispersity of the hybrid 
microgels as compared to the pure microgels. This indicates a tendency of the particles to 
aggregate due to magnetic attraction.    
Figure 105. Interfacial tension (IFT: water/heptane) of three hybrid microgel systems (T: 25 °C). 
The interfacial activity of the hybrid microgel particles as determined by means of the pendant 
drop technique is shown in Figure 105. The interfacial tension decreases with time as the 
particles adsorb to the interface. The decrease is rather slow and the difference between the 
three hybrid microgels shown in Figure 105 scales with their different size indicating that the 
decrease of interfacial tension of the systems investigated in this study is mainly diffusion 
controlled The smallest particles (HEMA 16,3%, MAA 15.5% (Rh: 225 nm)) show the highest 
decrease of the IFT, while the biggest particles (HEMA 17.5%, MAA 8.8% (Rh: 345 nm)) are 
showing the smallest decrease in the time period of this experiment. 
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Figure 106. Droplet size distribution of octanol/water emulsion stabilized with hybrid microgels (8.8 mol% MAA, 
17.5 mol% HEMA). 
The hybrid microgels are able to stabilize o/w emulsions and it is possible to prepare emulsions 
using oils of different polarity. The droplet size distribution is an important parameter and the 
size distribution of a 1-octanol/water emulsion prepared with Fe3O4 hybrid microgels is shown 
in Figure 106. The d50 droplet size is ca. 3.4 µm. The size distribution was determined one week 
after preparation of the emulsion indicating good emulsion stability.  
 
Figure 107. Effect of a static magnetic field on the oil droplets of a toluene/water emulsion. 
The effect of a static magnetic field on such emulsions is illustrated in Figure 107. Here a 
toluene/water emulsion is shown because this sample reveals creaming due to the high density 
difference between water and toluene. When a static magnetic field is applied, the oil droplets 
move towards the magnet (see Figure 107, the emulsion was diluted for reasons of better 
visibility). Since only a small magnet was used in this picture some oil droplets were still 
present at the top of the sample. When the magnet was removed, the oil droplets move upwards 
again. 
Static Magnetic
Field
Oil 
Droplets
3. RESULTS and Discussion 
140 
In order to investigate whether the static magnetic field affected the emulsion stability, the 
droplet size distribution was determined before and after the manipulation with the magnet.  
Table 13. Influence of a static magnetic field on the droplet size distribution of a toluene/water emulsion. 
 
Figure 108. Cumulative droplet size distribution of the emulsion without magnetic treatment (black) and after 
treatment with a magnet (grey). 
As shown in Figure 108, the droplet size distribution of the two emulsions is only slightly 
changed by the magnetic treatment. Although the cumulative distribution function of the 
emulsion treated with the magnet is flatter than the function for the reference sample, mean and 
mode (maximum of the distribution) diameter are nearly the same for both emulsions (Table 
13). A closer inspection of the data, however, reveals an influence of the magnetic 
manipulation. The fraction of individual spherical droplets that are considered by the image 
analysis software decreased slightly from 70.4 % (before magnetic treatment) to 64.7% (after 
magn. treatment). This decrease can be explained by a tendency of the particles to agglomerate 
when a magnetic field is applied. However, the microgels still prevent the aggregated droplets 
from coalescing. According to the image analysis results, the aggregates mainly consist of big 
Sample Particles  
measured 
Droplet 
diameter 
Diameter distribution 
(µm) Particles matching 
the limiting values 
(%) mean  (µm) 
mode  
(µm) d10 d50 d90 
Emulsion before  
magnetic 
treatment 
37005 6.6 6.1 1.6 5.4 12.5 70.4 
Emulsion after  
magnetic 
treatment 
34209 6.9 5.9 1.4 5.4 14.4 64.7 
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droplets. The aggregates are discarded when computing the size distribution (see experimental 
part) and therefore the relative cumulative distribution function is becomes flatter. The mode 
diameter, which describes the maximum of the distribution, stays the same for both samples 
(see Table 13). The results demonstrate that it is possible to separate oil droplets stabilized by 
magnetic microgels from the continuous phase by means of a static magnetic field without 
inducing droplet coalescence.  
Emulsions stabilized by thermosensitve microgels can be broken when the sample is heated 
above the VPTT of the microgels (Figure 110). Due to the presence of MNP inside the 
microgels, it is possible to increase the temperature by means of inductive heating. 
Figure 110. Example of a broken emulsion after heating. The oil phase (top clear phase) is separated 
from the water phase (bottom phase). The gel phase in the middle contains the hybrid microgels. 
 
Figure 109. Temperature increase during inductive heating of the HM (black crosses) in water and the 
emulsion stabilized with the HM (grey crosses) (microgel composition NIPAM (73.7 mol%), MAA (8.8 mol%), 
HEMA (17.5 mol%)) The mass fraction of the HMs was the same in both experiments. 
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Figure 109 shows that emulsions containing the hybrid microgel particles as stabilizers can 
indeed be heated via inductive heating employing an external ac-magnetic field. Temperatures 
above 40 °C were easily obtained with all our samples. This temperature is well above the 
VPTT of PNIPAM and the emulsions break accordingly. In this experiment, the temperature of 
the bulk emulsion phase is measured by an alcohol thermometer. Droplet aggregation and phase 
separation can be observed already at temperatures below the VPTT, indicating that the local 
temperature inside the microgels is higher than the bulk temperature determined by the 
thermometer. The higher heating rate in the case of the hybrid microgels dissolved in water as 
compared to the emulsion indicates different heat transfer conditions. 
In summary, we demonstrated that hybrid temperature sensitive microgels containing magnetic 
nano-particles are suitable as emulsifiers for o/w emulsions with polar as well as with unpolar 
oils. The decay of interfacial tension clearly indicates that the microgels are interface-active.  
On the one hand, the oil droplets can be separated from the continuous water phase by applying 
a static magnetic field and the droplets are stable against coalescence. A partial flocculation of 
oil drops was observed in our experiments, which is probably due to local attractive magnetic 
interaction between the magnetite-modified microgels after applying a magnetic field. It would 
be possible to reduce this effect by employing core-shell particles where the MNP are located in 
the microgel core. This route will be explored in the future.  
On the other hand, inductive heating of the emulsions is possible by applying a high frequency 
magnetic field- This breaks the emulsion and leads to phase separation. The combination of the 
properties of magnetic Fe3O4 nano-particles and thermo-sensitive microgels provides a system 
with unique features. To the best of our knowledge this is the first emulsifier, the properties of 
which can be remote controlled. The hybrid particles can be used to emulsify oils of different 
polarity, separate the droplets with a static magnetic field and break the emulsion by applying 
an oscillating magnetic field.  
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3.10.1 Experimental 
Materials: N-isopropylacrylamide (> 99.0%) was purchased from Acros Chemicals, 2-
Hydroxyethyl methacrylate (HEMA) (> 98.0 %) was purchased from Alfa Aesar, methacrylic 
acid (MAA) (> 99.0 %) was purchased from ABCR-GmbH, N, N’-methylenebisacrylamide 
(BIS) (> 99.5 %) was purchased from Merck, sodium dodecyl sulfate (SDS) was purchased 
from Fluka, the starter potassium peroxodisufate (KPS) (99.0 %) was purchased from Merck, 
FeCl2 and FeCl3 (both > 99.0 %) were purchased from Aldrich. All monomers and chemicals 
were used as received. The water for all purposes was doubly distilled Milli-Q-water. 
Microgel Synthesis. The microgels have been prepared via dispersion polymerization as 
published by H. Senff et al..31 Water in a three neck flask, was heated to 70 °C and purged with 
N2 for 1h to remove dissolved oxygen. The monomers were dissolved in degassed water and 
added in the flask. To ensure that the monomers are dissolved the water in the three neck flask 
was stirred with an overhead stirrer for 10 min. Then the potassium peroxodisulfate was 
dissolved in degassed water and added. The overhead stirrer was set to a speed of 350 rpm. 
After 6 h the reaction mixture was cooled down to room temperature under constant stirring. 
The microgels have been purified by ultracentrifugation and redispersion in doubly distilled 
water three times to remove any linear chain polymers, which are not connected to the microgel 
particles, and salt. The microgels were prepared with different amounts of n-
isopropylacrylamide (NIPAM), methacrylic acid (MAA) and 2-hydroxyethyl methacrylate 
(HEMA) as summarized in Table 14. 
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Monomer 
BB-CH-01 
m(g) n(mmol) 
mol% 
[a] 
NIPAM 10.37 91.65 68.3 
HEMA 2.84 21.83 16.3 
MAA 1.79 20.78 15.5 
BIS 0.83 5.37  
SDS 0.45 1.65  
KPS 0.3 1.11  
Water 1000     
    
Monomer 
BB-CH-04 
m(g) n(mmol) 
mol% 
[a] 
NIPAM 10.37 91.65 73.6 
HEMA 2.84 21.83 17.5 
MAA 0.95 11 8.8 
BIS 0.83 5.37  
SDS 0.45 1.65  
KPS 0.3 1.11  
Water 1000     
    
Monomer 
BB-CH-05 
m(g) n(mmol) 
mol% 
[a] 
NIPAM 12.75 112.67 84.8 
HEMA 1.5 11.53 8.7 
MAA 0.75 8.71 6.6 
BIS 0.83 5.37  
SDS 0.45 1.65  
KPS 0.3 1.11  
Water 1000     
[a] the relative composition is calculated from the amount of monomers (NIPAM, HEMA, MAA) 
Table 14. Composition of the microgels used in this study. 
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Hybrid microgels. The Fe3O4 particles have been prepared according to a procedure reported 
by Zhang et. al..16 Microgel was dispersed in water. FeCl2 and FeCl3 were added and the 
mixture was stirred overnight under N2. Than NH3 was quickly added to the solution. The color 
changed to deep black. The reaction product was centrifuged at 10.000 rpm for 20 min to 
remove salt and free magnetite particles. The amount of substances used in the synthesis is 
shown in Table 15. 
  
Hybrid Microgel 
1 4 5 
MG 1.0 g 1.0 g 1.0 g 
FeSO4 2.44 g 1.39 g 1.03 g 
NaNO2 0.20 g 0.11 g 0.09 g 
Table 15. Synthesis of Hybrid Microgels. 
Preparation of emulsions. Emulsions were prepared with different oils (1-octanol, 1-decanol, 
dibutyladipate, 2-hexyl-1-decanol, heptane and toluene) and different amount of microgels and 
stable emulsions were obtained both with polar (as 1-octanol) as well as with unpolar oils as 
toluene and heptane (oil/water ratio: 40 %). The hybrid microgels (HM) have been dispersed in 
water, the oil and water/HM were mixed in a 20 ml flask in different amounts with an Ultra 
Turrax T-25 with a 10 mm head at a speed of 8.000 rpm for 2 min. 
Dynamic Light Scattering (DLS). The particle size was determined by dynamic light 
scattering. The experiment has been performed at an ALV goniometer equipped with a 633 nm 
laser as light source and an ALV 5000E autocorrelator.  The scattering angle was 60° in all 
experiments. Particle sizes were calculated by cumulants fits using ALV Software version 
5.3.2.. The sample was highly diluted with doubly distilled water and filtered through a syringe 
filter (pore size: 0.8 µm) to remove dust from the sample. 
Interfacial tension measurements (IFT). The determination of the time dependant interfacial 
tension was performed with a DSA100 (Krüss) Pendant Drop tensiometer. For image analysis 
the software “Drop Shape Analysis for Windows”, supplied by Krüss version 1.90.0.14 was 
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used. The particles were dispersed in water and filled in a syringe. A needle with a diameter of 
1.83 mm was used to insert the water drop into the oil phase. 
Emulsion droplet size. The measurement of the droplet size distribution of the emulsions was 
done with a Sysmex FPIA-3000 equipped with a 20x lens. The sample was dispersed in water.  
Stability measurement: The toluene/water-emulsion for this experiment was prepared by 
virtuous shaking on a test tube shaker with 2,800 rpm for approx. 5 min. HM (HEMA 8.7%, 
MAA 6.6%) was used for stabilization. The emulsion was left on the bench for 2 weeks to 
equilibrate. Then the prepared emulsion was splitted in two different sample glasses. One was 
left on the bench (reference) and one was put close to the magnet. The motion of the oil drop-
lets towards the magnet was clearly visible. After about 5 hours the magnet was removed and 
the two emulsions were left again for equilibration and redistribution of the droplets in the 
sample for 14 h. The droplet size distribution of the reference sample and the sample treated 
with the magnet were measured with the FPIA-3000. Particles of a size between 0.8 to 80 µm 
and a circularity between 0,990 and 1 were analyzed. The circularity limits were chosen to 
avoid that any overlapping or agglomerated particles are included in the result of the 
characterization.  
Inductive heating. The inductive heating was done with a Hüttinger High Frequency Generator 
TIG 5/300 equipped with a water cooled copper inductor. All measurements have been done at 
a frequency of 190 kHz and a currant of 26.3 A. The temperature was measured with an alcohol 
thermometer that was dipped in the dispersion or emulsion. 
Transmission electron microscopy (TEM). All TEM-pictures presented in this study were 
taken with a LIBRA 120 TEM (Zeiss). A drop of hybrid microgel dispersion was put on a 
cupper grid. To ensure that the observed Fe3O4 structured are not just artefacts of the sample 
preparation the droplet was left on the grid for 30 s and was then removed. Thus the pictures 
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represent the particles that adsorbed on the cupper grid within this time period. All TEM-
pictures were taken under vacuum. 
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3.11 Inter-microgel interaction at an oil/water interface 
Microgels do adsorb to oil/water interfaces and create dense particle layer, which density 
depends on the pH and consequently the charge of the microgels. The average particle density 
is lower when the particles are charged compared to the uncharged state (see Chapter 3.6). This 
change in structure goes along with a strong change in the dynamic mechanical properties, as 
seen in interfacial rheology (Chapter 3.4 and 3.5). This chapter contains a detailed discussion 
about the inter-microgel interactions that could create the observed particle conformations. 
The schematic drawing of two microgels at an o/w interface, shown in Figure 111, should assist 
in the following discussion. The force, its origin and the impact it could have on the interfacial 
microgel layer are discussed in this chapter. 
The local interfacial tension (IFT) depends on the local density of interfacial active species and 
would therefore be lower in close proximity to the microgel than in between the microgels, as 
the polymer segment density is lower there. This IFT-gradient will create an attractive force, 
which acts on the microgels. If the microgels cannot approach each other any further, e.g. 
because of coulomb or steric repulsion, the polymer chains of the microgels could rearrange 
and expand into the voids to fill that space and reduce the local IFT there. 
The osmotic pressure also depends on the segment density per volume fraction of solvent. The 
swelling of microgels is restricted by cross-linking of the polymer chains. Only polymer chains 
in the microgel-corona can be further swollen by solvent. Therefore osmotic pressure will result 
 
Figure 111. Schematic drawing of two microgels at an oil/water interface. The polymer segment density is 
higher in the microgels (1) themselves than in their corona of polymer chains (2). 
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in a repulsive force, which pushes the microgels apart, as solvent molecules will try to enter the 
space in between the microgels.  
The purely attractive Van der Waals force is short ranged, and its influence on the structure of 
the microgel layer should thus be only important for small inter-particle distances. However, 
Van der Waals interactions may play a role in the interactions of the polymer chain coronas of 
the microgels. The entanglement of polymer chains will surely be influenced by this interaction. 
It could create an attractive force which could act on the microgels, and will certainly play a 
role for the interaction of the polymer chains which fill the voids. 
An attractive force could also be generated by deformations of the o/w interface in the 
proximity of the microgels, resulting in capillary forces. They might originate from gravity or 
particle roughness, and could be the result of the immersion of a charged particle into the oil. 
Those forces and their relevance for microgels at oil/water interfaces will be discussed in the 
following paragraph. 
a) Capillary interactions caused by gravity: 
Gravity can pull an interfacial adsorbed particle away from its equilibrium position, 
and induce a deformation of the interface resulting in attractive capillary 
interactions. The density of microgels is similar to the density of water. Therefore, 
this gravity induced capillary force should be negligible.  
b) Capillary interactions caused by immersion into the oil phase: 
A microgel in water possesses negative charges at pH > 6. The charges are usually 
balanced by counter ions which are situated in the microgel, and in its proximity. As 
soon as the microgel adsorbs to an oil/water interface the counter ions are stripped off 
(see schematic drawing in Figure 112 (left and middle)). This causes the creation of a 
dipole as counter ions could not be present in unpolar solvents. This dipole is on the one 
hand responsible for the dipole repulsion mentioned above; on the other hand it creates 
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an attractive force which pulls the particles into the aqueous phase. If we assume that 
the three phase contact angle is not changed by this force, the oil/water interface has to 
bend, which could create an attractive capillary force, forcing microgels together in 
order to decrease the curved interface. However, the observed deformation of the 
interface seems to be negligible. The microgel seem to form an own phase which is 
separated from the continuous water and oil phase by a layer of entangled polymer 
chains, as shown in Figure 113. This layer is partially ripped off, during freeze fraction 
sample preparation revealing the microgels as spherical particles (left part of Figure 
113). From these images I conclude that interfacial microgels do not significantly 
immerge into the oil phase, making a significant contribution of capillary forces by e.g. 
electro-dipping unlikely. 
c) Capillary interactions caused by roughness of the particle: 
Microgels are soft and deformable particles. Any capillary force by uneven wetting of 
the particle would create mechanical stress on the particle, leading to deformation and 
rearrangement of the polymer chains. This would certainly reduce the effect. 
 
Figure 112. Schematic drawing of a microgel (dark blue) with charges and counter ions (red) in water 
(left), at the oil/water interface in the static case (middle) and when taking into account electro dipping 
(right). “+” and “-“ in the middle section represent the mean charges of the incorporated negative 
charges and the positive counter ions. 
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The charges themselves seem to play a major role in the structure of the interface; however, 
the resulting force does not appear to be attractive. At pH 9 the interfacial layer exhibits a 
lot of voids, whereas the interfacial layer at pH 3 is much denser. Equally charged 
microgels, as in this case, exhibit a coulomb repulsion. However, the charge distribution of 
the microgels is inhomogeneous. Most of the charges is hidden inside the microgel and do 
not affect the surface potential of the microgels. The zeta potential of the microgels applied 
in this study is usually < -10 mV at room temperature. This small charge is likely to be 
shielded easily by counter-ions that are present in water. However even this small charges 
 
Figure 114. High magnification image of microgel covered heptane / water interface at pH 9. 
 
 
Figure 113. Cryo-SEM Heptan/Wasser Grenzfläche mit Mikrogelen bei pH 9. Left part: the upper layer 
of polymer is ripped off by the sample preparation, Right: A polymer layer covers the particles, shielding 
them form the oil. Higher magnification image shown in Figure 114. 
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might be important when the microgel is in contact with oil, as these charges could act over 
longer distances within oil. The Cryo-SEM pictures show the structural differences of the 
layer at pH 3 and pH 9. As the main difference between the two pH values is the charge 
present at the microgels, the structure change is likely to be induced by repulsive coulomb 
interactions. 
Partial immersion of a charged particle into an oil phase can induce a dipole-dipole 
interaction. A surface dipole is created when a charged surface group and its counter ions, 
usually together with a thin surface water film are trapped in oil. A very small fraction of 
charged groups might be fully dissociated, and form so called monopoles. Both, the mono-
and the dipole charge are only weakly shielded by the oil. The coulomb interaction is 
therefore effective over larger distances than in the water. 
Although many different forces might be acting on a microgel, not all of them might be 
relevant for the structures we observed, and the interfacial rheology characteristic we 
measured. The main repulsive force over longer distances in a microgel layer is certainly 
the coulomb repulsion. This can nicely be seen from the different cryo-SEM images taken 
at pH 3 and 9, where the dominating difference is the charge of the particles. However, 
interfacial microgels do not really immerse into the oil phase, but form an own layer (see 
e.g. Figure 114). Therefore it could be assumed that the dipole repulsion, which would be 
caused between immersing particles is weak, but, as the effect of pH shows, is present. An 
attractive force seems to be present at both, charged and weakly charged, conditions, as the 
cluster formation observed in the case of the charged microgels shows. The most reasonable 
attractive forces are van der Waals forces between the polymer chains and the local 
interfacial tension. Van der Waals forces would only act over short distances, and could 
therefore only make an impact on the polymer corona (segment 2 in Figure 111) dragging 
the microgels towards each other. This would create mainly big clusters, however cryo-
SEM shows clusters of various sized. The local difference in interfacial tension is surely 
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acting on the microgels, and this might be the origin for the strong entanglements in 
between the microgels by polymer chains (mentioned above), but if this gradient would be 
the governing force, the interfacial microgel layer would consist of equally spaced 
microgels, the spacing distance would be determined by coulomb repulsion, and the corona 
polymer chains, filling the voids. Nevertheless, the IFT-gradient will be present, but its 
magnitude is significantly decreased by the corona chains. 
In summary: The structure of the interfacial microgel layer could only be explained, if we 
assume that both the attractive and the repulsive force are weak and/or of equal magnitude. 
This would cause a random cluster size, as observed in Cryo-SEM images. However, 
repulsion has to become the governing force when microgels are in very close contact. This 
leads to a discussion of the dynamic aspects of the inter-microgel distance and cluster size. 
Viscosity strongly depends on the polymer concentration. As the polymer concentration of 
an interfacial microgel layer is highly inhomogeneous, we can assume that the local 
viscosity is also different. The closer the microgels get, the higher the polymer segment 
density and the entanglements becomes, creating a higher viscosity (see Figure 115). When 
microgels are forced together by an external compression force, colomb repulsion becomes 
the dominating force, as mentioned in above, but the microgels could only react slowly to 
the repulsion after the compression force is released, due to high local viscosity. This could 
result in slow flow processes after deformation of the particle layer and a strong dependency 
of relaxation time scale on the initial inter-microgel distance. 
 
Figure 115. Proposed local viscosity (pink) between two microgels at the interface. 
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Assuming that the microgels are all equal in composition the different cluster sizes can only 
be explained by forces that create a different environment for only some randomly 
distributed microgels (otherwise the cluster size should be similar). A mechanical stress 
field at a curved interface is such a force. Some Cryo-SEM images show aligned 
aggregated, e.g. Figure 116 (Right). One explanation for this might be a mechanical force 
acting perpendicular to the line. 
 
 
Figure 116. Cryo-SEM images taken from the same sample. Left: Clusters of different size are visible, Right: 
hardly any clusters, except lower right. Note: The structures displayed here appear to be quite seldom and are 
only displayed here to show that also other particles configurations that have been observed. 
The effect of viscosity is probably most important when microgels are forced together by 
external mechanical forces. The local polymer chain density and thus the viscosity around a 
microgel decreases with the radius (shown in Figure 115). In bulk solution the microgels 
would avoid each other by lateral movement, when colliding. This is not possible at the 
interface, where the microgels are pinned. Consequently they are forced together and the 
viscosity of the area between the microgels increases, due to increased fraction of polymer 
chains. If the stress is released the microgels are forced apart by coulomb repulsion (at least 
at pH 9). This relaxation is now slowed down by increased viscosity, and eventually 
increased inter-microgel entanglement density. External stretching forced (also 
inhomogeneous at a curved interface) could force the particles apart again. These processes 
would create a highly inhomogeneous environment, where small differences in position 
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relative to the force and relative to the neighbouring microgels can add up and thus creating 
clusters of different sizes. 
Summary 
It is reasonable to assume that microgels which are adsorbed to an oil/water interface 
experience a repulsive coulomb interaction by the charges which are mainly situated in the 
microgel core, forcing the spherical microgel cores apart. The attractive force is harder to 
identify. Reasonable forces are van der Waals attraction between the polymer microgel coronas 
and the local IFT gradient. The local IFT gradient is likely to be the origin of the strong 
rearrangement of the spherical microgel particles to the sphere-corona particles present at the 
interface. But in fact, this rearrangement also reduces its attractive effect on the microgel cores. 
Van der Waals attraction also limited to the polymer chains in the corona. It is likely to be 
present, but only over short ranges, and it would cause formation of big clusters with small 
corona and would therefore reduce the interfacial coverage and consequently the emulsion 
stability. As these effects have not been observed, the hypothesis remains that the structure that 
is observed by Cryo-SEM is not an equilibrium structure, and the cluster size depends on the 
history of the interface. If the timescale in which the repulsive coulomb force can repel the 
microgels becomes long, e.g. by a weak repulsive force in combination with low mobility of the 
microgels within the interfacial layer, and the attractive forces are also weak, the cluster size 
would become a parameter which purely depends on statistics and history of the interfacial 
layer. However, the fact that there is a significant difference in the structure of a microgel layer 
depending on the microgel charge remains. It the microgels are only weakly charged the 
microgel interaction seems to become mainly attractive and consequently the interfacial layer 
becomes very dense. This shows that also weak forces could have an impact on the layer 
structure. 
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Proof or falsification of this hypothesis: 
According to this theory the clusters should be generated by external forces. Investigations 
at a planar interface, which is created with great care to avoid mechanical stressed. To proof 
the presence of aggregates the interfacial layer could be characterized by light scattering of 
Brewster Angle Microscopy. The clusters should only be formed upon compression of the 
layer. Another interesting experiment could be an interfacial rheology experiment 
depending on the layer compression and expansion, e.g. with a needle rheometer. When the 
layer is compressed G’ will certainly become bigger. Upon expansion, G’ will decrease 
again, but because of the inhomogeneous fraction of the interfacial layer into clusters, one 
should observe an increase in G’’. 
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4 Summary 
Emulsions, the dispersion of one liquid into another, are usually thermodynamically unstable 
and surfactants have to be applied in order to obtain a meta-stable system. These surfactants are 
mostly of low molecular weight, which decrease the interfacial tension and provide droplet 
stabilization by coulomb and/or sterical repulsion. Such surfactants are well developed 
nowadays and provide sufficient stability for most permanent emulsions. However, when 
emulsions are only desired in a certain part of the process, destabilisation of these “standard”-
emulsions is costly and waste intensive. Therefore, smart emulsion stabilisation, where the 
stabilisation can be altered by external stimuli, attracted increasing interest in recent years. 
Most of the research currently performed aims on the modification of low molecular surfactants 
and degradation of the surfactant by stimuli. Unfortunately, the degradation is mostly 
irreversible and produces a high amount of waste.  
A second type of emulsion stabilisers are particles, usually in the size range from a few nm to a 
couple of µm, which adsorb to oil/water interfaces, which adsorb effectively irreversible and 
create a dense shell of particles around the droplets in the emulsion. These particle-stabilized 
emulsions, or so called “Pickering-Emulsions”, are usually highly stable. Unfortunately, there 
are only very few examples in literature of stimuli-responsive particles that are used as 
stabilisers for emulsions. The idea behind using stimuli-sensitive particles as stabilizers is 
fascinating as it combines high emulsion stability, controlled de-emulsification and possible 
extraction of the particles, e.g. by filtration.  
A work about the use of thermo- and pH-sensitive microgels as stabilizers has been published, 
just some month before the work, presented here was started, see Chapter 3.3 The particles that 
have been used therein were poly(N-isopropylacrylamide)-co-(methacrylic acid) microgels 
(PNIPAM-co-MAA), where PNIPAM is the thermo-sensitive and MAA is the pH-sensitive 
part. Microgels are soft and porous polymer particles, which are swollen by the solvent, in this 
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case water. These microgels allowed stabilising emulsions at low temperature and high pH, and 
a de-emulsification at high temperature and low pH. The theory that was proposed was that de-
emulsification is caused by decreased coverage of the interface as the microgels leave the 
interface at high temperature and low pH. As it turned out, the synthesis-protocol used by the 
authors of that study was not sufficient to create microgels with significant amount of MAA. 
The material they applied for stabilisation consist of PNIPAM microgels, with a very low 
fraction of MAA, and MAA rich low molecular weight polymers which are not or just weakly 
crosslinked. In the context of this thesis, I could show that control over the conditions during 
the microgel synthesis is crucial to obtain a pH and temperature sensitive microgel which can 
create an emulsion which is truly microgel- stabilised (see Chapter 3.3 and Chapter 3.4). Such 
emulsions can be demulsified by addition of acid or increase in temperature (Chapter 3.4). 
However, the rate of de-emulsification, induced by those stimuli, strongly depends on the 
polarity of the oil. Emulsions with polar oils, like 1-octanole, respond fairly quickly to external 
stimuli, while emulsions of unpolar oils are much less sensitive. We could show that a very 
effective de-emulsification could be achieved by adding acid to the emulsion, which decreases 
the pH value well below 6, and increasing the temperature successively. This procedure also 
creates large aggregates of microgels which might be advantageous when particles separation is 
desired, which allows recycling of those microgels (Chapter 3.4).  
At this point of the work the reason for the stimuli-sensitive emulsion stabilisation was not 
clear, yet. The available theories on stimuli sensitive emulsions assume that the interfacial 
activity of the surfactant or particle is altered; leading to reduced coverage of the interface 
which consequently speeds up droplet coalescence, but this is not the case for microgels at o/w 
interfaces. Interfacial tension measurements, presented in Chapter 3.6, showed that microgels 
do adsorb to o/w interfaces, regardless of the pH. In fact, the interfacial tension is reduced even 
more effectively by microgels at pH 3, compared to pH 9. The adsorption of microgels is 
practically irreversible, as shown by dilution experiments in Chapter 3.5. Cryogenic Scanning 
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Electron Microscopy (Cryo-SEM) images, taken from the o/w interface confirmed that 
microgels arrange in a dense interfacial layer (Chapter 3.6), and that the packing density is 
higher at pH 3 than at pH 9, which nicely confirms the interfacial tension measurements. As it 
turned out, neither the interfacial tension nor the packing density are the origins of the stimuli-
dependant emulsion stability. In fact the emulsion stability seems to be controlled by the 
rheological properties of the interfacial microgel layer. With interfacial rheology we could 
observe a transition from a visco-elastic interfacial layer (high pH, low temperature => stable 
emulsion) to a viscous layer (low pH, high temperature => unstable emulsion). The origin of 
the structural formation, especially at high pH, remains unclear. The most reasonable 
speculation for the undefined cluster size, that has been observed, is that the effect of the 
repulsive coulomb force is slowed down by viscosity, causing a cluster size distribution which 
depends on the mechanical history of the interfacial microgel layer. This certainly has to be 
confirmed by further experiments. 
Furthermore, we could show that the range of stimuli that could be used for the destabilization 
of emulsions could be extended beyond pH and temperature, by applying microgels with 
magnetite particles incorporated and using magnetic fields for emulsion destabilization. 
In summary, microgel stabilized emulsions are different compared to classical Pickering 
Emulsions. Microgel-stabilized emulsions offer a new class of material with properties in 
between a low molecular weight surfactant stabilized emulsion and permanent hollow capsules. 
They possess a unique set of properties which can be altered by stimuli, which makes them 
interesting for material scientists, physical and theoretical chemists. 
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5 Outlook and Further Experiments 
A lot of different experimental techniques have been used in the sake of this study. However, 
there are still plenty of additional experiments to perform. The following chapter should give an 
overview about such experiment. Due to the complexity of the topic of soft particles at oil/water 
interface the list of experiments has to stay incomplete, and should thus be regarded as a 
suggestion. 
5.1 Microgel synthesis in the context of emulsion stabilization 
5.1.1 Microgels with tailored charge distribution 
The charge of a microgel influences the structure of an interfacial microgel layer, its 
mechanical properties and consequently emulsion-stability. The exact role of charges still 
remains unclear, as discussed in Chapter 3.11. As it turned out during this work, control over 
the charge distribution in the microgel is very difficult (see Chapter 3.3) and the synthesis of 
core shell microgels with defined charge distribution is a complex task. However, the results 
that one could gain out of experiments with such microgels would well be worth the effort. 
After dealing with different methods for the synthesis of microgels with defined charge 
distribution, I would suggest the following reaction schema:  
1. Synthesis of a core/shell microgel, where a non-charged precursor monomer is 
incorporated in either the core or the shell. The synthesis of an initially charged core or 
shell might lead to a number of complications; some of them are discussed in Chapter 
3.8. Therefore it would be ideal to start solely with uncharged monomers. 
2. Reaction of the precursor monomer in order to create the charges. 
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5.1.2 Microgels with highly crosslinked shell 
The microgels within the interfacial layer are strongly entangled by polymer chains. The 
crosslink density of the microgels used during this study is highly inhomogeneous, and the 
chains at the microgel surface are only weakly crosslinked. The entangling polymer chains 
might originate from this weakly crosslinked shell. In order to confirm this hypothesis, 
microgels with a highly crosslinked shell should be synthesized and the structure of their 
interfacial layer should be investigated by Cryo-SEM. Subsequently, the mechanical properties 
of the interfacial layer, which is created by these microgels, should be characterized by 
interfacial rheology. Creating a microgel which shell could be crosslinked post synthesis would 
be even more interesting, as it would allow a direct comparison of the two different systems. 
This post-synthesis crosslinking should be performed at room temperature, and initiated by an 
UV sensitive starter, in order to minimize the impact of shell-crosslink-density on the microgel 
size. 
5.2 Properties of the interfacial layer 
5.2.1 Interfacial Rheology 
Interfacial is a useful tool to investigate the mechanical properties of an interfacial layer and 
subsequently its response to external forces. Up to now the interfacial shear rheology studies 
that have been carried out were only dealing with the effect of pH on the rheology. Further 
experiments dealing with the effect of temperature of the mechanical properties of the 
interfacial microgel layer are necessary in order to confirm the results of the interfacial 
dilatational rheology. While shear rheology could give more precise insights, it is easier to 
manipulate the surrounding in a dilatational rheology setup, e.g. like the one used in Chapter 
3.5. It would be extremely interesting to conduct interfacial dilatational rheology e.g. with 
respect to ionic strength or polyelectrolyte concentration. First attempts have been made, but 
failed, due to problems with gaskets of the oscillating drop module. First modifications have 
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been made, but the setup still has to be modified carefully in order to make such experiments 
possible in the future. Another experiment that might be interesting for the clarification of the 
microgel/microgel interaction at the interface was mentioned in Chapter 3.11. An interfacial 
microgel layer should be characterized in a needle rheometer equipped with a Langmuir trough, 
and G’ and G’’ should be recorded upon compression and, even more important, upon 
expansion. This will certainly help to understand the origin of the clustered structure, observed 
in Cryo-SEM (Chapter 3.6) 
5.2.2 Other techniques 
All the techniques used up to now only give limited insights in the processes that take place in 
the interfacial microgel layer during build up and in the equilibrated interfacial layer. Therefore, 
new techniques should be applied. Time dependant laser scanning confocal fluorescence 
microscopy in combination with FRAP (Fluorescence Recovery After Photo-bleaching) might 
be a useful tool. A suggestion of a possible experimental procedure is shown in Figure 117. 
Fluorescence microscopy might also be a useful tool to determine the exchange rate between 
microgels in the bulk and the interface. The proposed experiment would be as followed: An 
emulsion is created with a microgel which is not fluorescently labeled. The excess of microgel 
is removed and microgels which are fluorescently labeled are added. If there is an exchange the 
fluorescence intensity in the proximity of the oil droplets should increase. To avoid secondary 
 
Figure 117. Proposed FRAP experiment: In the first step an oil drop which is surrounded by fluorescently 
labeled microgels is partially photo-bleached. Secondly, images of the drop are continuously recorded in 
order to determine possible diffusion of microgels within the interface, which should lead to a recovery of 
fluorescence intensity in the previously bleached area. 
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effects, and because of the nicer pictures for a possible publication, this experiment could also 
be conducted with two microgels with two different labels, e.g. one with green and the other 
one with red emission. However this experiment requires that the two microgels only differ in 
their label and not in size, charge, etc.. This is impossible to achieve with labeling during 
synthesis, therefore post-labeling techniques have to be applied. Post-labeling has already been 
applied successfully for fluoresceine. This technique still has to be evaluated for other labels. 
5.3 Emulsions 
For any application emulsion stability with respect to shear rate plays a major role. Emulsion 
stability has only been evaluated for emulsions during storage (see Chapter 3.2), but not under 
shear. Such an experiment could be carried out in a shear cell under a light microscope. By 
doing so, a shear induced decomposition of the emulsion should be easily observable. 
Microgel stabilized emulsions could also be used as templates for the synthesis of hollow 
capsules. Therefore, the microgels should be functionalized in a way that allows further 
crosslinking between microgels. This method could also be used for the synthesis of functional 
membranes. The microgels embedded in such membranes could than act as stimuli sensitive 
“porter” opening and closing the membrane upon demand. 
The work on the stability of the emulsions (Chapter 3.2) lead to the hypothesis that microgel 
stabilized emulsions could have a kind of an optimal droplet size, or a size range where oil 
droplets are not stable. This hypothesis will have to be supported by additional experiment. A 
number of monodisperse emulsions with a size between 1 and 15 µm should be prepared. The 
emulsions should then be mixed together and their size distribution should be determined over 
at least a month. If the hypothesis is correct, one should observe an upper droplet diameter 
which is still stable in emulsions and the disappearance of certain droplet sizes. 
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5.4 Additional Functionalities 
In this work it has been shown that the pH- and T-sensitivity of microgels could be transferred 
to emulsions, leading to stimuli-sensitive emulsions. Other stimuli could also be used, as 
demonstrated for magnetic fields in Chapter 3.10. Many different microgels with different 
stimuli have been synthesized in recent years. The most interesting are light sensitive 
microgels, as this might allow effective breaking emulsions without adding anything (e.g. acid) 
to the system or invest a large amount of thermal energy.  
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6 Appendix 
6.1 Date of Graphics 
Temperature (°C) 1-Octanol Dibutyl adipate Isopropyl palmitate 
20 0.825 0.8529 0.9605 
25 0.8216 0.8494 0.9564 
30 0.818 0.8454 0.9518 
35 0.8152 0.8425 0.9483 
40 0.8111 0.838 0.9434 
45 0.8101 0.8371 0.9416 
50 0.806 0.8329 0.9368 
Table A 1. Density of Oils (g/cm³). Data of Figure 8. 
Temperature (°C) 1-Octanol Dibutyl adipate Isopropyl palmitate 
20 1,4276 1,4333 1,4364 
25 1,4259 1,4318 1,4345 
30 1,424 1,4299 1,4329 
35 1,422 1,428 1,4309 
40 1,4201 1,4261 1,429 
45 1,418 1,4241 1,4272 
50 1,4162 1,4224 1,4254 
Table A 2. Refractive Index of Oils. Data of Figure 9. 
Temperature (°C) Dibutyl adipate Isopropyl palmitate 1-Octanol 
20 5,6338 7,528 9,769 
25 4,8444 6,5095 7,7983 
30 4,3266 5,6841 6,5632 
35 3,7981 4,998 5,5628 
40 3,4003 4,4261 4,7452 
45 3,1413 3,9568 4,0633 
50 -- -- -- 
Table A 3. Dynamic viscosity (Pa*s). Data of Figure 10. 
Temperature (°C) Dibutyl adipate Isopropyl palmitat 1-Octanol 
20 5,8655 8,8259 11,8411 
25 5,0653 7,6635 9,4921 
30 4,5459 6,7232 8,0236 
35 4,0053 5,9324 6,8239 
40 3,6041 5,2816 5,8504 
45 3,3361 4,7268 5,0158 
50 -- -- -- 
Table A 4. Kinematic viscosity of oils (mm²/s). Data of Figure 11. 
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Time UltraTurrax Disperser Disc Shaker 
(day) NWD (µm) SWD (µm) NWD (µm) SWD (µm) NWD (µm) SWD (µm) 
0 1.358 5.445 
3 1.332 4.744 
15 2.496 5.921 
22 1.335 4.47 
28 1.493 5.029 
0 4.292 8.94 
12 1.622 5.671 
18 1.221 4.658 
0 1.355 3.16 
13 2.11 4.149 
19 1.342 4.28 
Table A 5. Number weighted mean diameter (NWD) and surface weighted mean diameter (SWD) of emulsions; 
Data of Figure 14. 
 
Time Ultra Turrax Disperser Disc Shaker 
(day) NWD (µm) SWD (µm) NWD (µm) SWD (µm) NWD (µm) SWD (µm) 
0 2.254 6.717 
3 1.858 4.307 
15 2.292 4.162 
28 1.978 4.475 
0 11.96 14.084 
12 1.579 8.809 
18 1.888 9.65 
0 3.165 10.823 
13 4.343 12.114 
19 2.419 7.285 
Table A 6. Number weighted mean diameter (NWD) and surface weighted mean diameter (SWD) of emulsions; 
Data of Figure 15. 
 
Time Ultra Turrax Disperser Disc Shaker 
(day) NWD (µm) SWD (µm) NWD (µm) SWD (µm) NWD (µm) SWD (µm) 
0 1.527 4.313 
6 2.674 4.056 
14 2.282 4.523 
28 1.507 4.267 
0 1.544 5.071 
8 1.995 5.956 
14 1.594 5.503 
0 2.006 4.765 
13 1.236 3.572 
19 2.992 7.651 
Table A 7. Number weighted mean diameter (NWD) and surface weighted mean diameter (SWD) of emulsions; 
Data of Figure 16. 
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Time Ultra Turrax Disperser Disc Shaker 
(day) NWD (µm) SWD (µm) NWD (µm) SWD (µm) NWD (µm) SWD (µm) 
0 2.068 4.877 
6 1.747 3.81 
8 1.727 3.721 
14 2.209 4.199 
28 1.815 4.099 
0 8.214 10.038 
8 1.881 8.978 
14 1.413 5.808 
0 3.192 9.335 
13 2.266 7.483 
19 4.531 7.976 
Table A 8. Number weighted mean diameter (NWD) and surface weighted mean diameter (SWD) of emulsions; 
Data of Figure 17. 
 
Ultra Turrax Disperser Disc 
Time (day) NMD (µm) SWD (µm) NMD (µm) SWD (µm) 
0 1.11 2.80 
6 1.25 2.94 
15 1.84 3.45 
28 1.13 2.59 
0 1.36 2.64 
7 1.87 3.10 
13 1.44 2.89 
Table A 9. Number- (NWD) and surface weighted (SWD) of emulsions; Data of Figure 18. 
 
Ultra Turrax Disperser Disk Shaker 
Time (day) NWD (µm) SWD (µm) NWD (µm) SWD (µm) NWD (µm) SWD (µm) 
0 1.32 3.37 
6 1.39 2.15 
0 3.44 6.63 
7 9.29 15.37 
13 2.68 8.68 
0 14.96 15.93 
7 3.86 5.49 
13 2.43 5.40 
19 2.62 4.16 
Table A 10. Number- (NWD) and surface weighted (SWD) of emulsions; Data of Figure 19. 
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